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Summary 

The  chapter  han>lle8  the  radio  location  basic  principles  from  the  physical  point 
of  view,  furthermore  frequency  and  propagation  problems  as  well  as  errors  and  error 
correction  methods. 


1 . Introduction 

Radio  systems  are  particularly  suited  to  deliver  data  required  for  navigational 
guidance  of  a vehicle.  Numerous  problems  of  position-fixing  and  navigation  cannot  be 
solved  simpler  and  better  by  any  other  aid.  Depending  on  the  type  and  combination  of 
the  systems  employed,  various  data  can  be  obtained:  distance  between  vehicle  and  a 

ground-based  system;  difference  between  two  distances;  angle  between  a reference  sur- 
face and  a surface  or  straight  line  intersecting  the  center  of  the  ground  system;  dif- 
ference from  a selected  angle.  If  two  (or,  in  space,  three)  independent  reference 
data  are  available,  they  can  be  used  tu  compute  the  coordinates  of  the  aircraft's  po- 
sition. In  addition,  the  ground  speed  and  the  altitude  above  ground  can  be  measured. 

Radio  systems  used  in  communication  are  designed  to  supply  the  same  information 
at  any  location  within  a given  area.  Radio  systems  used  for  position  fixing,  however, 
should  provide  information  that  differs  from  location  to  location  and  should  provide 
data  associated  to  the  instantaneous  position  of  the  vehicle.  The  coverage  of  a radio 
location  system  (NAVAID)  is  therefore  not  determined  by  the  range  in  the  usual  sense, 
but  by  the  usefulness  of  the  navigational  information. 

The  quantities  characterizing  a radio  field  and  capable  of  being  measured  are  its 
amplitude,  phase  and  frequency.  The  change  of  one  or  more  of  these  quantities  with 
the  position  in  the  radio  field  constitutes  the  basis  of  any  radio  navigation  system. 
The  distribution  of  these  field  quantities  in  space  is  called  the  amplitude-,  phase-, 
or  frequency-pattern.  The  properties  of  such  patterns  can  be  varied  in  wide  limits 
and  adapted  to  special  requirements.  Radio  methods  employing  this  basis  can  be  con- 
ceived as  transmitter-  or  receiver-navaid  methods.  In  the  first  case,  a transmitter 
produces  a radio  field  that  contains,  at  any  point  of  the  field,  the  location-fixing 
data  related  to  this  point.  This  data  can  be  received  and  processed  by  any  number  of 
vehicles  simultaneously.  In  the  latter  case,  the  vehicle  transmits  a signal  identi- 
fying the  vehicle,  but  containing  no  position  Information;  this  signal  is  received  and 
processed  by  an  equivalent  ground  system.  The  result  of  the  evaluation  can  be  trans- 
mitted to  the  vehicle.  In  this  case,  only  one  vehicle  can  be  served  at  a given  time. 

A typical  example  is  the  ground  direction  finder.  The  trancmlltBr-navaid  and  receiver- 
navaid  methods  are  on  principle  equivalent.  The  choice  of  the  one  or  the  other  method 
depends  on  the  general  problem,  operational  requirements  and  technological  feasibili- 
ties. There  are  cases,  however,  where  a reversion  is  a priori  precluded.  An  example 
are  the  long-distance  methods  where  it  is  impossible  to  install  antennas  and  trans- 
mitter power  in  an  aircraft  required  to  cover  the  large  range.  On  the  other  hand  at 
some  navaids,  which  originally  were  designed  as  a pure  transmitting  system,  the  re- 
quirements on  the  airborne  receiver  became  more  and  more  stringent  in  the  course  of 
time.  Hence  more  advantages  may  be  seen  in  the  conversion  to  a receiving  system, 
where  the  groundstation  is  equipped  with  high-grade  receiving  and  signal  processing 
units,  whereas  the  installation  aboard  the  aircraft  is  reduced  on  a relatively  simple 
transmitter. 

For  obvious  reasons  the  trend  in  aviation  will  always  be  to  keep  the  airborne 
equipment  as  compact  as  possible. 


* The  contributions  "Principles  of  Radio  Location;  Omega,  Loran;  Very  High  Frequency 
Omnidirectional  Ranges;  Distance  Measuring  Systems,  TACAN"  come 

from  the  book  "Funksysteme  fUr  Ortung  und  Navigation  und  ihre  Anwendung  in  der  Ver- 
kehrssicherung"  (Radio  Systems  for  Location  and  Navigation  and  their  Application  in 
Traffic  Control)  by  Ernst  Kramar,  editor,  translated  into  English  with  permission  of 
the  publishing  house  Verlag  Berliner  Union  / W.  Kohlhemmer  GmbH,  Stuttgart. 


The  radio  coordinates  of  a vehicle  measured  with  a radio  system  should  coin- 
cide with  the  true  position  coordinates  referred  to  the  system.  The  definition  of  the 
radio  coordinates  Is  based  on  the  assumption  that  the  electromagnetic  waves  propagate 
without  disturbance  under  free-space  conditions.  This  assumption  Is  not  always  valid 
in  the  vicinity  of  the  earth  surface  where  the  radio  waves  are  subjected  to  various 
influencer  as  diffraction,  refraction,  absorption,  different  ground  constants,  fluc- 
tuations of  the  earth  magnetic  field  and  of  the  state  of  the  various  ionospheric  layers 
as  well  as  reflections  by  obstacles.  These  phenomena  highly  depend  on  the  frequency. 
Reduction  of  such  Interferences  has  been  the  objective  In  system  development  from  the 
beginning  of  radio  navigation. 

The  frequencies  employed  range  from  about  10  kHz  to  over  10  GHz,  l.e.  a span  of 
over  6 powers  of  ten.  The  propagation  properties  of  radio  waves  over  such  a wide 
range  are  In  every  respect  so  different  that  their  knowledge  Is  of  fundamental  Impor- 
tance In  the  design,  planning  and  application  of  radio  systems.  Even  the  most  sophis- 
ticated system  cannot  produce  better  results  than  the  laws  of  propagation  allow. 

In  the  following  the  basic  systems  will  be  discussed  assuming  ideal  free-space 
propagation  for  simplicity.  It  will  be  shown  that  the  large  number  of  radio  systems 
that  have  come  Into  operation  In  the  course  of  many  years  are  actually  not  more  than 
modifications  of  a small  number  of  basic  principles. 

Then  the  most  Important  properties  of  electromagnetic  waves  will  be  summarized. 
Finally,  methods  for  error  reduction  will  be  described,  especially  with  reference  to 
errors  generated  by  multipath  propagation  ano  reflection  by  obstacles. 


2.  Basic  Principles 

Radio  navigation  employs  a small  number  of  basic  methods  that  are  used  In  numer- 
ous modifications.  Their  operating  principle  consists  In  measuring  specific  quanti- 
ties that  will  now  be  described. 

Travel  Time 

The  signal  (for  Instance,  a pulse)  radiated  from  a source  at  the  time  t ■ 0 pro- 
pagates as  a spherical  wave  with  the  velocity  of  light  c and  arrives  at  the  destina- 
tion after  having  travelled  a path  r during  the  travel  time  t - r/c.  The  distance  Is 
computed  from 

(a)  measurement  of  the  one-way  travel  time.  This  requires  accurate  knowledge  of  the 
instant  when  the  signal  Is  emitted.  This  is  called  a one-way  method; 

(b)  measurement  of  the  round-trip  travel  time  of  the  signal.  Employed  for  the  return 
trip  of  the  signal  are  either  active  devices  (transponders  with  known  delay;  DME) 
or  passive  devices  (reflecting  objects;  radar).  These  methods  are  called  two- 
way  methods. 

(The  value  for  the  propagation  velocity  ^ in  a vacuum  concluded  inter- 

nationally Is  c = 299792.50  km/s.) 

Propagation  Time  Difference 

The  travel  time  dllference  between  two  signals  transmitted  from  two  points  A and 
B Is  either  measured  simultaneously  or  with  a known  delay.  The  locus  of  equal  time 
difference  thus  obtained  is  the  revolution  hyperboloid  with  the  focal  points  A and  B. 

The  distance  d is  also  called  the  base  of  the  system.  An  example  for  a travel 
time  difference  method  Is  LORAN. 

Phase 

The  distance  can  also  be  measured  In  multiples  or  fractions  of  the  wavelength  X . 
In  this  case,  the  travel  time  measurement  can  be  substituted  by  phase  measurement. 

One  wavelength  can  be  expressed  in  terms  of  360®  or  2 n . This  allows  an  extremely 
accurate  distance  measuring  but  the  penalty  Is  the  ambiguity  because  the  same  phase 
angle  Is  repeated  after  every  wavelength  X . To  eliminate  ambiguity,  sometimes  the 
travel  time  Is  used  for  coarse  measurement  and  the  phase  for  fine  measurement.  Of 
course,  the  envelope  of  the  pulse  employed  for  travel  time  measurement  should  be  locked 
to  the  carrier  RF  used  for  the  fine  measurement.  An  example  Is  LORAN-C.  Coarse/fine 
methods  may  also  be  employed  to  remove  ambiguity  by  first  obtaining  an  unambiguous 
measurement  with  a larger  wavelength  and  then  fine  measurement  with  a shorter  wave- 
length. 

Phase  Difference 

The  most  Important  and  most  frequent  application  of  the  phase  measurement  Is  In 
the  phase-difference  method: 

The  In-phase  RF  signals  emitted  by  two  radiating  sources  A and  B arrive  at  a des- 
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tlnatlon  having  the  distance  from  A and  the  distance  rs  froa  B with  the  phase  dif- 
ference. 

As  in  the  case  of  the  travel  time  difference,  the  locus  of  equal  phase  difference 
(0  - const)  is  the  revolution  hyperboloid,  both  radiators  being  positioned  in  the 
focal  points.  The  hyperbolas  can  be  substituted  by  their  asymptotes  for  large  dis- 
tances where  r;^  and  re  are  large  compared  with  the  spacing  d of  the  two  radiators. 

The  phase  difference  then  obtained  is  where  the  solid  angle  formed  by  the  base  of 
both  radiators  and  the  straight  line  Interconnecting  the  center  of  this  base  and  the 
point  of  reception  is.  This  term,  or  better  its  differential  quotient  illustrates 
that  small  changes  of  the  bearing  dtu  result  in  large  changes  of  the  phase  angle  pro- 
vided that  the  baae  referred  to  the  wavelength  d/X  is  made  large  enough. 

As  phase  measurements  do  not  require  much  effort,  very  accurate  navigational  data 
can  be  obtained  even  with  simple  equipments  when  using  wide-base  systems.  It  should 
also  be  noted  that  the  phase  gradient  ^ is  greatest  in  the  direction  perpendicular 
to  the  base  ( ^ > 90°)  and  decreases  with  r|  by  a sine  law. 

To  measure  the  phase  difference,  it  is  necessary  to  separately  receive  the  sig- 
nals of  A and  B stations.  To  Implement  this  separation,  the  slmals  are  transmitted 
either  in  time  sequence,  the  phase  of  the  first  signal  being  suitably  stored  (s.g. 
LORAN,  OMEGA)  or  by  different  carrier  frequencies  that  can  be  derived  from  a common 
fundamental  frequency.  In  the  latter  case,  phase  measurement  is  obtained  on  a common 
reference  frequency  after  frequency  multiplication  (example:  DECCA).  (The  systems 
here  mentioned  in  parentheses  are  explained  in  chapter  5.) 

Phase-reference  methods  become  ambiguous  if  the  base  exceeds  one  half  of  the 
wavelength  of  the  frequency  employed  (reference  frequency).  This  is  so  because  the 
Chang*  cf  the  prcgiagation  path  by  ooa  full  wavelangth  X csuses  the  phase  angle  to 
shift  another  full  360°.  This  ambiguity  can  be  resolved  with  a coarse  measurement 
system  and  an  additional  measurement  with  a smaller  base  d or  a larger  reference  wave- 
length (DECCA).  The  ambiguity  can  also  be  eliminated  by  combining  travel  time  and 
phase  measurement  methods  (e.g.  LORAN-C). 

Amplitude 

The  amplitude  methods  exploit  the  directivity  of  antennas  or  antenna  arrays.  The 
distribution  of  amplitudes  in  space  results  from  the  antenna  radiation  pattern  of  the 
individual  antenna  element  and  the  group  pattern  of  the  antenna  array.  The  properties 
of  the  group  pattern  are  controlled  by  the  geometric  arrangement  of  the  antenna  ele- 
ments and  by  the  amplitude  and  phase  of  the  current  in  each  element. 

Measuring  of  the  amplitude  alone  does  not  give  any  Indication  on  the  bearing. 
Various  methods  are  therefore  used  to  derive  the  bearing  data  from  the  amplitude 
patterns : 

(a)  detection  of  the  minimum  or  maximum  of  a directional  pattern  by  mechanical  or 
electrical  rotation  or  swiveling  of  the  pattern.  This  method  can  be  employed  at 
the  receiver  or  transmitter  side  (direction  finders,  radar,  modem  landing 
systems).  The  sharper  the  minimum  or  the  smaller  the  beam  width  in  the  maximum, 
the  greater  is  the  angular  resolution  of  the  measuring  system. 

(b)  Physical  or  electrical  rotation  of  a directional  pattern  with  constant  angular 
velocity. 

This  results  in  an  amplitude  modulation  of  the  transmitted  or  received  RF  carrier; 
the  beai'lng  information  is  then  contained  in  the  phase  of  the  amplitude-modulated 
signal.  The  phase  angle  is  measured  to  a reference  signal  that  is  Independent  of 
the  bearing.  This  is  the  principle  of  the  rotating  radio  beacon  (VOR,  TACAN). 

In  the  case  of  a single-lobe  pattern,  the  phase  angle  a of  the  modulation  ex- 
actly corresponds  to  the  bearing  angle  ^ . In  a multi-lobe  directional  pattern 
with  m lobes,  however,  c » m . The  accuracy  generally  Increases  by  the  factor 
m (fine  bearing),  but  at  the  expense  of  unambigulty  (see  Fig.  1). 


Fig.  1 Rotation  of  a directional  pattern 

(c)  Intersection  of  two  diagrams 

A simple  method  that  is  unsurpassed  to  this  day  is  the  keying  of  two  patterns  so 
that  the  OLe  supplies  a short  and  the  other  one  a long  signal  that  Interlace  to 
form  a continuous  wave  for  a certain  bearing.  Any  lag  of  perfect  interlacing 
can  be  interpreted  as  a deviation  to  the  left  or  to  the  right.  This  method  is 
mainly  used  for  guidance  in  a fixed  direction  (equlslgnal  methods). 
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(d)  Generation  of  bearing-dependent  modulation-depth  diagrams 

Here  a first,  modulated  carrier  pattern  la  radiated  In  addition  to  a second,  dif- 
ferent directional  pattern  that  contains  only  the  sideband  frequencies  of  the  mo- 
dulation. The  superposition  of  both  results  in  a bearing-dependent  depth  of  mo- 
dulation. If  the  mirror  Image  of  this  method  Is  employed  for  a second  modulating 
frequency  then  the  difference  between  the  depths  of  modulation  provides  a useful 
measure  for  the  left/right  deviation  from  a fixed  direction.  This  method  Is  used, 
for  Instance,  In  the  ILS  or  instrument-landing  system. 

(e)  Exploitation  of  a multi-lobe  pattern  generated  from  two  radiators  with  large  d/X  . 
Here  the  resulting  field  is  called  the  interference  field  (Fig.  2). 


Pig.  2 Change  In  field  distribution  of  an 
Interference  field 

To  resolve  ambiguity,  a coarse  system  with  small  d/  X is  used  In  addition  to  the 
fine  system,  with  Intermedla-^e  stages  (coarse/fi.ne  measurement)  If  required. 
Interferometers  can  be  swiveled  mechanically.  Electrical  swiveling  Is  not  fea- 
sible because  the  field  distribution  is  hyperbolic.  However,  the  field  pattern 
can  be  changed.  In  this  case,  the  positions  of  maxima  and  minima  will  be  changed, 
but  not  the  symmetry  axis  of  the  pattern  (Fig.  2).  An  example  Is  the  CONSOL 
method.  In  the  case  of  non- rotatable,  stationary  Interferometers  as  used  for 
surveying  of  satellite  trajectories  or  in  radio  astronomy,  the  radiation  from  the 
satellite  or  the  radio  star  Is  recorded  and  the  minima  or  maxima  encountered  are 
analyzed. 

Frequency 

If  a transmitter  having  the  frequency  fn  moves  with  the  velocity  v towards  or 
away  from  an  observer,  the  frequency  fo  received  surfers  a doppler  shift  fo  ■ + 

(fo/c)v.  The  doppler  effect  permits  to  derive  the  g^round  speed  of  an  aircraft”from  the 
frequency  shift  between  the  radiation  obliquely  directed  to  the  ground  and  that  re- 
flected from  the  ground. 

The  same  principle  may  be  used  for  bearing  measurement:  if  a radiator  is  moved 

along  a straight  line  with  the  velocity  v,  a stationary  observer  having  the  angle  t) 
to  the  direction  of  motion  will  receive  a frequency  that  is  shifted  by  the  amount 
fg-?v.coa  -T|  against  the  frequency  of  the  radiator;  In  other  words,  it  is  bearlng-depen- 
(^nt.  In  actual  practice  the  radiator  periodically  moves  along  a path  of  finite  length 
and  the  motion  is  electrically  simulated  (DOPPLER-ILS) . Depending  on  how  the  measure- 
ment is  evaluated,  either  frequency/frequency-deviation  patterns  or  phase/phase-devia- 
tion patterns  are  used. 

If  the  radiator  is  allowed  to  move  along  a circular  trajectory,  a bearing-depen- 
dent frequency  modulation  is  obtained.  The  bearing  information  Is  contained  In  the 
modulation  phase  (DOPPLER-VOR) . All  methods  operating  with  directional  frequency 
pattern  have  the  Important  feature  of  remaining  unambiguous  even  when  d/  X is  large 
because  there  Is  no  splitting  Into  many  lobes. 

Summary 

The  description  of  the  basic  radio  navigation  methods  shows  that  the  position 
coordinates  can  be  obtained  in  various  ways.  The  method  employed  for  a special  case 
will  depend  on  technological  feasibilities,  operational  and  economic  aspects,  and  user 
specifications.  Involved  are  aspects  as  range  coverage,  number  of  simultaneous  users 
(capacity),  band-width,  number  of  channels,  information  rate,  monitoring  and  others. 

Propagation  Problems 

1 9 

An  undisturbed  propagation  ' has  been  anticipated  in  the  discussion  of  the 
basic  principles.  Undisturbed  propagation  means  that  the  electromagnetic  wave  propa- 
gates from  the  source  In  all  directions  homogeneously,  l.e.  along  straight  lines  with 
the  velocity  of  light  and  constant  polarisation.  These  conditions  apply  only  to  free 
space;  on  the  surface  of  the  earth  and  in  the  hlgh-altltude  atmosphere,  however,  dis- 
turbed conditions  have  to  be  expected.  Almost  any  radio-navigation  system  has  to  take 
this  fact  Into  account.  Not  only  the  range,  but  also  the  accuracy  is  dictated  by  the 
laws  and  anomalies  of  the  wave  propagation.  The  large  number  of  suggested.  Imple- 
mented and  abandoned  systems  may  be  explained  by  the  manifold  efforts  to  provide  use- 
ful position  Information  and  to  improve  them.  All  these  systems  have  been  modifica- 
tions of  the  basic  principles  described. 
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Table  1 lists  the  frequency  bands  allocated  for  radio  navigation  and  traffic  con- 
trol services.  The  most:  important  properties  of  the  various  frequency  groups  will 
briefly  be  discussed  in  the  following  paragraphs  in  as  much  as  they  are  significant 
for  the  performance  of  radio  navigation  systems. 


Table  1 Allocated  Frequency  Bands 


Frequency  Band 


Radio  Navigation  Systems 


10-14  kHz 
70-130  kHz 
190-375  kHz 
255-415  kHz 
1750-1950  kHz 
73.8-75.2  MHz 
108-118  MHz 
113-136  MHz 
150/400  MHz 
225-400  MHz 
328-335  MHz 
960-1215  MHz 

600  MHz,  1300  MHz,  2.8  GHi:, 
10  GHz,  15.5  GHz,  38  Ghz 

1540/1650  MHz 
1558-1636 
5.0-5.25  GHz 
15.4-15.6  GHz 

440  MHz,  1630  MHz,  4.3  GHz 
8.75-8.85  GHz 
13.25-13.4  GHz 


OMEGA 

DECCA  (DECTRA),  LORAN-C/D 
CONSOL 

aeronautical  and  maritime  radio  beacons 
LORAN-A 

aeronautical  marker  beacons 

ILS  localizer,  VOR,  D-VOR 

direction  finders,  civil  (communication) 

navigation  satellite  TRANSIT  (NNSS) 

direction  finders,  military  (communication) 

ILS  glide  path 

TACAN,  DME,  secondary  radar 

various  radar  systems  as  surveyance,  airborne 

and  shlpborne  radar,  weather  radar,  airfield 

radar 

Navigation  satellite  DIOSCURE 

future  collision-avoidance  systems  (CAS) 

future  landing  systems 
radio  altimeters 

Doppler  navigator 


The  free-space  attenuation  along  a radio  path  r is  a - Ig  oB  if  a isotropic 
radiator  is  used  with  transmitter  and  receiver.  The  range  therefore  increases  with 
the  wavelength  X , assuming  a defined  ratio  of  transmitter- to-receiver  power.  For 
the  radio  link  on  the  earth  surface,  the  propagation  laws  are  very  complex.  On  the 
whole  it  may  be  said  that  the  radio-location  frequency  employed  should  be  the  lower, 
the  larger  the  area  to  be  covered  is,  especially  since  the  receiver  sensitivity  gene- 
rally decreases  with  the  increasing  frequency.  A global  range  can  only  be  achieved 
with  very  long  waves  (disregarding  the  short  waves  which  are  hardly  suitable  for  lo- 
cation). Range  problems  have  been  widely  discussed  in  the  existing  literature;  special 
reference  is  made  to  the  CCIR  propagation  characteristics 

The  use  of  radio  waves  for  location  presents  less  and  less  problems  the  more  their 
characteristics  resemble  optical  frequencies.  Only  the  introduction  of  quasi-optical 
frequencies  exceeding  30  MHz  in  the  "thirties"  has  raised  the  classic  methods  to  the 
level  of  modem  radar  technology. 

Let  us  start  with  the  very  long  waves. 

Very-low  Frequency  (VLF,  3-30  kHz). 

The  propagation  is  conceived  today  as  taking  place  in  a waveguide  having  the  shape  of 
a spherical  shell  formed  by  the  earth  surface  and  the  D layer  of  the  ionosphere 
(height  about  60  km).  The  attenuation  and  velocity  of  a wave  propagating  in  a wave- 
guide depends  on  the  waveguide  dimensions  for  a certain  wavemode  and  a given  frequency. 
The  effective  height  of  the  D layer  depends,  however,  not  only  on  the  frequency,  but 
on  numerous  other  factors:  time  of  the  day,  season,  latitude,  sun  activity,  and  di- 
rection of  propagation  referred  to  the  terrestrial  magnetic  field.  Significant  is 
also  the  surface  conductivity  of  the  ground  over  land  and  over  sea.  The  phase  veloci- 
ty of  the  wave  is  thus  ruled  by  a large  number  of  influences.  The  position-line  cri- 
terion in  this  frequency  range  is  usually  the  phase  difference  of  two  waves.  These 
waves  pr'pagate  around  the  earth  along  completely  different  paths.  Obviously  useful 
results  can  be  expected  only  when  the  propagation  phenomena  are  sufficiently  known. 

This  problem  is  solved  by  continuous  monitoring  and  by  using  corrections  for  diurnal 
and  seasonal  forecasts  of  the  propagation  anomalies  to  be  expected  in  the  area  con- 
cerned. Because  atmospheric  disturbances  for  very  long  waves  are  considerable,  espe- 
cially in  tropical  territories,  extremely  powerful  transmitters  are  required. 


Low  Frequency 
Medium  Frequency 


(LF  30-300  kHz)  and 
(MF  30-3000  kHz). 


This  frequency  range  Is  characterized  by  two  wave  components  of  quite  different  be- 
haviour that  may  Interact:  the  groundwave  and  the  skywave. 
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The  groundwave  la  the  wave  propagated  along  the  surface  of  earth.  The  analysis 
starts  from  the  limiting  case  of  grazing  Incidence  of  a wave  propagating  In  free  at- 
mosphere; the  phase  of  this  wave  Is  Influenced  by  the  complex  refractive  Index  of  the 
ground.  The  wave  Is  thus  additionally  attenuated  and  the  phase  delay  Is  Increased. 
Both  effects  depend  on  the  ground  constants  (ground  conductivity  and  dielectric  con- 
stant) as  well  as  on  polarization.  The  attenuation  Is  a minimum  over  sea  and  a maxi- 
mum above  low-conductivity  ground.  Accordingly  affected  Is  the  phase  delay.  The 
groundwave  of  this  frequency  range  Is  actually  highly  suitable  for  accurate  position 
measurements  over  medium  distances  (300-1000  km  over  ground,  1000-2000  km  over  sea, 
depending  on  the  frequency) ; however,  problems  are  encountered  by  the  different  pro- 
pagation properties  over  changing  ground  and  transition  from  land  to  sea,  especially 
when  the  base  (spacing  between  the  ground  stations)  Is  large  and  propagation  takes 
place  over  different  topography  ground.  Though  even  less  than  In  the  case  of  VLF,  the 
atmospherics  are  still  considerable  In  some  regions.  The  skywave  Is  the  radiation 
reflected  by  the  Ionosphere.  Its  field  strength  greatly  fluctuates  In  daytime,  but  Is 
only  about  one  tenth  of  the  strength  at  nighttime.  Compared  with  the  groundwave,  the 
skywave  Is  hardly  noticeable  In  daytime  up  to  distances  of  about  300  km  as  compared 
with  the  groundwave.  In  contrast,  the  groundwave  Is  disturbed  by  the  skywave  In  night- 
time even  at  distances  of  less  than  100  km.  The  skywaves  have  single-hop  and  multi- 
hop reflections.  Their  quantities  (amplitude,  phase,  travel  time,  polarization)  are 
subjected  to  fluctuations.  Without  the  groundwave,  the  skywave  can  be  used  for  lo- 
cation purposes  only  to  a limited  extent  and  at  reduced  accuracy.  For  radio-location 
systems  In  this  frequency  range,  the  appearance  of  the  skywave  will  reduce  the  useful 
range  unless  special  measures  are  employed  to  process  the  groundwave  signals  before 
the  skywave  signals  are  received  (e.g.  pulses  In  LORAN). 

For  these  reasons  (pure  skywave),  the  short  wave  range  (HF,  3-30  MHz)  1s  not  very 
useful  for  location  purposes.  Here  no  frequency  Is  allocated. 
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Very-high  Frequency  (VHF,  30-300  MHz) 

Ultra-high  Frequency  (UHF,  300-3000  MHz) 

Super-high  Frequency  and  higher  (SHF,  3-30  GHz). 

In  this  frequency  range  the  propagation  la  quasl-optlcal  and  the  more  so,  the  higher 
the  frequency  Is.  The  useful  range  along  the  earth  surface  Is  quasl-optlcal  assuming 
4/3  of  the  actual  radius  of  earth  In  order  to  take  Into  account  the  diffraction  effect 
on  the  surface.  The  radiation  will  reach  the  area  beyond  the  horizon  by  diffraction 
and  refraction.  The  decrease  of  energy  behind  the  horizon  is  the  more  rapid  the 
higher  the  frequency  is.  For  grazing  incidence  similar  aspects  apply  as  to  the  ground- 
wave  in  the  long  wave  range  (effects  of  ground  cc<iitants  and  polarization).  No  re- 
flection by  the  ionosphere  takes  place. 

The  main  field  of  application  for  these  frequencies  are  in  the  space  above  the 
earth  surface.  The  radiation  from  a source  above  ground  has  two  components:  a direct 
wave  propagating  Just  as  in  free  space  and  a wave  reflected  by  the  ground.  Both  are 
combined  vectorally.  Amplitude  and  phase  of  the  reflected  wave  depend  on  the  ground 
reflection  coefficient  and  on  the  path  difference.  The  amplitude  and  phase  of  the  re- 
flection coefficient  depend  on  the  ground  constants,  the  angle  of  incidence,  and  pola- 
rization 2 . The  existence  of  the  ground  is  thus  the  cause  for  the  free-space  radia- 
tion pattern  of  an  antenna  to  be  split  Into  numerous  lobes,  the  shapes  of  which  depend 
on  the  height  of  the  antenna  and  the  other  above  mentioned  factors.  The  field  strength 
is  therefore  depending  on  the  elevation  angle;  for  a given  elevation  angle,  however. 

It  obeys  the  law  of  free-space  propagation.  An  aircraft  at  great  distance  is  gener- 
ally located  on  the  slope  of  the  first  lobe;  here  the  field-strength  increases  with 
the  flight  altitude  over  ground.  For  a given  transmitter  power  and  receiver  sensitiv- 
ity, the  range  basically  depends  on  the  altitude  of  the  observer.  The  statement  of  a 
distance  alone  is  therefore  insufficient  to  specify  the  range  of  a system.  The  ground 
reflection  Is  used  In  some  methods,  e.g.  the  ILS  glide  path,  to  obtain  a measurable 
quantity  that  depends  on  the  angle  of  elevation.  However,  problems  may  be  encountered 
through  irregularities  of  the  ground,  variable  with  time.  The  higher  the  frequency 
used,  the  greater  is  the  risk  of  distiurblng  reflections  because  even  small  obstacles 
may  have  the  dimension  of  several  wavelengths.  On  the  other  hand.  It  Is  easier  to 
apply  methods  in  the  higher  frequency  ranges  suitable  to  avoid  or  reduce  reflection 
disturbances,  namely  high  directional  patterns,  short  pulses,  and  wide-base  methods. 
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It  should  be  noted  that  even  these  frequencies  do  not  remain  unaffected  along 
their  path  through  the  atmosphere.  Thus  atmospheric  layers  may  change  in  their  dielec- 
tric constant  and  cause  the  beam  direction  to  be  bent.  Flnair.y,  a rapid  increase  of 
absorption  by  fog,  rain  etc.  12,  13  has  to  be  expected  for  frequencies  exceeding  13 
GHz. 


A substantial  advantage  as  compared  with  longer  waves  is  the  complete  absence  of 
atmospherics.  Moreover,  these  frequencies  have  ranges  highly  suitable  for  radio  com- 
munication with  spacecraft  because  they  penetrate  the  ionosphere.  Hence,  wide  areas 
of  the  earth  can  be  covered  by  satellites  and  large-area  navigation  can  be  performed 
at  very  high  frequencies  (navigation  satellites). 

An  Important  factor  for  propagation  conditions  is  the  polarization  of  the  elec- 
tromagnetic wave.  This  polarization  may  be  horizontal,  vertical,  or  mixed-circular. 
The  choice  of  polarization  for  a certain  system  will  depend  on  the  propagation  con- 
ditions, the  desired  field  distribution  In  space  (antenna  patterns),  and  problems  In 
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the  implementation  of  ground  and  airborne  antennas.  Vertical  polarization  is  primar- 
ily used  for  low  frequencies,  and  various  polarizations  for  high  and  very  high  fre- 
quencies. 


3.  Errors  and  Error  Reduction  Methods 

The  surfaces  in  space  where  the  quantities  used  for  location  are  of  constant  value, 
are  called  position  surfaces  or  radio  position  surfaces. 

When  systems  on  the  ground  are  used,  the  intersection  of  the  earth  surface  with 
these  position  surfaces  results  in  the  position  lines.  Such  position  lines  may  be 
straight  lines,  circles,  or  hyperbolas.  Often  the  position  lines  are  also  called  the 
radio  coordinates.  A feature  particularly  important  for  the  user  of  a radio  location 
system  is  the  magnitude  of  the  error  resulting  from  measuring  on  a position  surface. 

In  the  case  of  a stationary  observer,  two  major  error  sources  can  be  identified: 
equipment  errors  and  errors  caused  by  non-ideal  propagation  conditions  (anomalies,  re- 
flections ) . 

Equipment  errors  are  generated  by  non-ideal  technological  properties  of  the  system 
components  (antenna,  receiver,  processors);  they  greatly  depend  on  the  state  of  the 
art.  For  a given  magnitude  of  the  equipment  error,  the  error  affecting  the  determi- 
nation of  a position  surface  will  depend  on  the  change  of  the  field  quantity  measured 
in  space  (i.e.  on  the  gradient  of  the  field  quantity).  For  a given  gradient,  the 
equipment  errors  determine  the  limiting  accuracy  aptly  called  the  resolution.  It  de- 
fines the  lowest  limit  where  a system  can  discriminate  between  two  position  surfaces. 

If  the  equipment  error  is  a minimum  according  to  the  state  of  the  art,  the  resolution 
can  be  improved  only  by  increasing  the  field  quantity  gradient,  i.e.  liigher  directiv- 
ity, higher  number  of  interference  lines,  shorter  pulses  and  increased  frequency  shift. 

Additional  errors  in  the  position  surfaces  determination  are  caused  by  the  non- 
ideal propagation  conditions.  Tne  magnitude  of  these  errors  greatly  depends  on  the 
method  employed.  The  user  of  a radio-location  system  is  now  interested  in  the  overall 
error  he  has  to  consider  in  position  surface  determination.  If  radio-ccordinates  are 
derived  from  two  or  more  position  surface  lines,  the  error  of  the  position-fix  can  be 
determined. 

The  overal'  error  should  be  determined  with  great  care  and  observing  certain  pre- 
requisites. All  errors  may  be  composed  of  systematical  (i.e.  constant)  errors  and 
statistical  errors.  If  a spread  is  specified  (generally  the  d-value  of  the  gaussian 
distribution)  this  can  refer  only  to  the  statistical  components.  In  the  true  sense  of 
the  laws  of  statistics  it  is  impermissible  to  derive  a cr-value  from  a single  (or  few) 
error  diagram.'',  (e.g.  difference  between  theoretical  and  measured  values  along  a test 
circle  around  the  system).  Furthermore,  measurements  have  to  be  obtained  from  a suf- 
ficient number  of  installations,  sitings  and  in  various  distances,  flight  altitudes, 
etc.  Since  such  measurements  are  extremely  expensive  and  time-consuming,  the  attempt 
is  often  made  to  compute  the  cr-value  from  many  individual  measurements  on  subunits. 

If  this  is  not  feasible,  an  error-statement  at  most  can  be  made  which  is  valid  for 
only  one  installation  and  only  under  the  prevailing  conditions.  Under  these  aspects 
all  accuracy  statements  for  a radio  location  system  have  to  be  subjected  to  a critical 
review.  In  most  cases,  a reliable  value  can  be  stated  only  after  a lengthy  system 
operation  time  period. 

Systematical  errors  may  be  corrected  to  a certain  degree  with  the  aid  of  special 
tables  or  charts,  provided  that  the  correction  values  are  secured  by  sufficiently  ex- 
tended observations  throughout  the  time  and  area  in  question.  Inasmuch  as  this  is 
possible,  the  errors  determined  by  a stationary  monitor  can  be  radioed  to  the  users  in 
this  area. 

A special  source  of  errors  is  the  multipath  propagation.  It  appears  at  low  fre- 
quencies when  the  skywave  signals  are  superimposed  over  the  groundwave  signals.  At 
higher  frequencies,  it  is  generated  by  reflections  from  the  ground,  mountains,  build- 
ings, vehicles,  etc.  The  disturbing  effects  caused  by  multipath  propagation  are  un- 
fortunately conspicuous  in  this  frequency  range  (which  is  highly  suitable  for  navi- 
gation) because  even  small  obstacles  have  the  dimension  of  several  wavelengths  and 
will  therefore  act  as  intensive  reflectors.  The  direct  signal  is  then  superimposed 
by  spurious  signals  coming  from  various  directions,  signals  which  contain  wrong  in- 
formation, other  delay  times,  other  amplitude  and  other  phases.  The  resulting  loca- 
ting data  can  thus  be  distorted  or  even  be  unusable.  The  following  measures  can  be 
applied  to  reduce  errors  of  this  type: 

Avoid  obstacle  illumination 

This  method  can  be  implemented  by  high  directivity  transmitter  or  receiver  anten- 
na patterns  so  that  obstacles  are  not  or  only  partly  illuminated  by  the  radiation.  In 
addition,  the  installation  site  can  be  selected  so  that  the  number  of  obstacles  in  the 
vicinity  of  the  system  is  low.  Even  the  surrounding  terrain  can  be  prepared  according- 
ly (e.g.  ILS). 
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Use  of  short  pulses 

Tne  reflected  signals  travel  a detour  path,!,  e.  they  arrive  at  the  point  of  des- 
tination later  than  the  direct  signal.  If  very  short  pulses  or  only  their  leading 
edges  are  evaluated  the  disturbing  pulses  do  not  affect  the  result.  This  principle 
may  also  be  applied  to  all  quantities:  it  is  primarily  employed  for  travel  time  or 
phase  measurements. 

Use  of  wide-base  systems 

Wide-base  systems  designate  a system  with  a high  ratio  of  aperture  to  wavelength 
d/ \ . Under  the  usual  condition  that  reflected  signals  are  weaker  than  the  direct 

signal,  it  can  be  shown  that  an  extended  base  d/X  result  in  a substantial  error  re- 
duction. The  wide-base  principle  is  applicable  to  all  information  carriers  (ampli- 
tude, phase,  frequency).  A comparison  of  different  systems  is  only  possible  on  the 
basis  of  complex  error  formulas.  It  can  be  shown  that  all  relevant  formulas  for  the 
error  analysis  comprise  always  the  term  d/  \ . Typical  wide-base  systems  are  CONSOL, 

DECCA,  DOPPLER-VOR,  direction  finders 

Averaging 

An  error  due  to  multipath  propagation  is  in  itself  stationary,  i.e.  it  does  not 
change  as  long  as  the  geometric  constellation  system/obstacle/vehicle  remains  un- 
changed. For  a moving  obstacle  or  vehicle,  nowever,  both  the  amount  and  the  sense  of 
the  error  will  change.  The  speed  of  error  fluctuation  varies  with  tlie  geometric  con- 
stellation change  referred  to  the  wavelength.  If  +’■>6  change  is  rapid  enough,  a signi- 
ficant error  reduction  can  be  achieved  by  averaging.  Care  should  be  taken  to  adapt 
the  averaging  period  of  time  to  the  vehicle's  speed. 

These  methods  can  be  implemented  with  a particularly  high  effect  for  the  higher 
frequencies.  It  is  only  in  this  range  that  high  directional  radiation  patterns  can  be 
obtained,  that  wide-base  systems  have  practicable  geometric  dimensions,  that  suffi- 
cient bandwidth  is  available  for  short  pulses,  and  that  the  geometric  configuration 
referred  to  the  wavelength  varies  quickly  enough.  In  some  cases  it  is  of  advantage  to 
combine  several  of  the  above  mentioned  methods,  e.g.  to  use  directicna*  antennas  for 
wide-base  systems. 


h.  Development  Trends 

The  importance  of  radio  navigation  is  undisputable  even  for  the  future.  The  de- 
development of  radio  location  systems  normally  follows  the  development  of  the  traffic 
carriers  with  a certain  lag  that  is  indispensable  to  identify  the  problems  and  to  de- 
fine the  objectives.  In  aviation,  for  instance,  the  introduction  of  novel  aircraft 
types  in  rapid  succession,  combined  with  an  enormous  increase  of  the  traffic  density 
have  resulted,  among  others,  in  a gradual  obsolescence  of  existing  navigation  systems. 
The  primary  objectives  of  development  today  are;  radio  guidance  for  fully  automatic 
landing;  more  powerful  radio  systems  for  en  route  and  area  navigation  and  for  air- 
traffic  control  (ATC);  systems  for  an  effective  collision  avoidance. 

The  wide  field  of  application  of  radio  systems  for  en  route  navigation  employing 
navigation  computers  and  a network  of  navigation  systems  will  permit  flying  any  course 
and  high-precision  area  navigation. 

The  development  of  one-way  distance-measuring  methods  on  the  basis  of  the  trans- 
mission of  pulses  synchronized  with  extreme  accuracy  and  individually  associated  to 
time  will  permit  collision  avoidance  by  measuring  mutual  distances  and  their  changes 
for  a large  number  of  aircraft. 

Finally,  efforts  will  be  needed  to  reduce  the  steadily  increasing  number  of  air- 
borne units  and  to  integrate  as  many  functions  as  possible  in  a single  equipment. 
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DESCRIPTION  OF  SOME  NAVAIDS 


The  radio  navigation  systems  described  in  the  following  chapters  deliver  radio  coordinates 
derived  from  special  transmitting  NAVAIDS  which  enable  the  aircraft  to  find  its  location  by 
airborne  receives  and  processors,  independently  of  headings; 

(A)  - Long  Distance  Aids 

(B)  - Medium  Distance  Aids 
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(A»  LONG  DISTANCE  AIDS 
(OMEGA,  LORAN) 


by 


Walter  Stanner,  Scientiric  Advisor 
Standard  Elektrik  Loren/,,  AG 
Stuttgart,  Germany 


Suuary 

The  ground-based  long  distance  aids  Omega  and  Loran  provide  the  user  with  posi- 
tion data  by  the  hyperbolic  principle.  Desirable  are  ranges  up  to  10,000  km,  l.e.  one 
quarter  of  the  circumference  of  earth.  This  ob;)ectlve  determines  the  frequency,  modu- 
lation methods  and  transmitting  powers  of  the  ground  stations.  Recently,  additional 
to  the  described  aids,  a VLF  Radio  Navigation  System  appears  which  employs  highly 
stable  transmitters  In  the  lo  ...  23  kHz  band  for  precise  one-way  distance  measure- 
ments (Interavla  7/1974), 


1 . Introduction 

It  has  been  found  that  powerful  transmitters  In  the  VLF  and  LF  ranges  are  best 
used  considering  the  present  state  of  the  art  and  the  International  frequency  allo- 
cation. These  transmitters  radiate  position  signals  In  such  a way  that  the  user  can 
fix  his  position  after  the  hyperbolic  principle.  In  this  procedure,  the  line  of  po- 
sition Is  the  locus  of  equal  distance  differences  to  a pair  of  transmitters,  this 
locus  being  a hyperbola.  The  locations  of  the  ground  transmitters  of  such  hyperbolic 
system  are  the  focal  points  of  a family  of  hyperbolas.  In  the  cases  of  the  hyper- 
bolic systems  Omega  and  Loran  here  described,  not  only  one  pair  of  transmitters,  but 
up  to  6 ground  stations  are  linked  In  their  functions  for  radiation  of  position  sig- 
nals In  time  and  frequency  multiplex.  The  user  can  then  determine  through  his  air- 
borne receiver  several  lines  of  position,  the  intersection  of  which  indicates  the  po- 
sition wanted.  Here  airborne  computers  are  becoming  more  and  more  Important. 

Although  even  more  complex  mathematical  functions  are  Involved  In  long-distance 
navigation  because  of  the  curvature  of  earth,  the  following  paragraphs  will  be  con- 
cerned with  hyperbolic  lines  of  position  for  the  sake  of  simplicity.  For  position 
fixing,  only  a small  number  of  the  limitless  quantity  of  loci  are  used  In  actual  prac- 
tice; the  relationship  between  measurements  and  geographic  data  is  provided  In  the 
form  of  tables.  In  addition,  the  competent  authorities  provide  suitably  prepared  navi- 
gation charts.  The  sections  of  hyperbolas  there  printed  are  Identified  by  numbers. 

It  is  these  numbers  (propagation  delay  differences)  that  the  user  reads  from  his  air- 
borne equipment.  It  should  also  be  noted  that  the  locus  takes  the  shape  of  a straight 
line  on  the  interconnecting  base  line  between  both  transmitters  and  in  the  lateral  ex- 
tensions. When  the  base  lines  are  very  short  or  the  distances  are  very  large,  the 
hyperbolas  can  frequently  be  replaced  by  their  asymptotes.  The  phenomenon  is  utilized 
in  the  CONSOL  method. 


Fig.  1 DELTA  and  WYE  arrangement 
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The  solid  hyperbolas  correspond  to  the  delta  arrangement  of  the 
transmitters  M,  Sx  and  Sy.  The  transmitter  Si  completes  the 
wye  arrangement. 

Fig.  1 shows  an  example  for  the  arrangement  of  a chain  of  transmitters  in  the 
hyperbolic  system.  The  master  transmitter  M Is  in  the  center  of  the  navigation  area. 
It  is  surrounded  in  wye  shape  by  the  slave  transmitters  Sx,  Sy  and  S2.  Because  of  the 
satisfactory  area  of  coverage,  the  slave  transmitters  are  usually  arranged  in  the  form 
of  an  equilateral  triangle.  However,  certain  objectives  or  geographic  conditions  may 
result  in  other  transmitter  configurations  1#  2,  3,  4. 

In  hyperbolic  navigation,  the  user  has  a purely  passive  function.  He  does  not 
transmit  any  signal  for  position  fixing.  This  property  is  of  importance  especially 
for  military  missions  because  the  user  does  not  reveal  his  position  to  the  enemy. 

This  method  is  also  never  saturated,  that  is,  the  number  of  users  is  virtually  unlimi- 
ted. The  costs  for  the  range  and  the  accuracy  can  largely  be  concentrated  in  the 
ground  stations  of  the  system.  Here,  however,  considerable  costs  have  to  be  faced  for 
the  sites,  buildings,  installations,  maintenance  and  guarding  personnel. 

The  airborne  units  are  usually  required  in  large  quantities  and  standardized  de- 
sign. Therefore,  their  costs  estimate  is  relatively  modest.  The  latest  models  are 
primarily  solid-state  versions.  They  feature  high  reliability  in  operation  (MTBF); 
compared  with  earlier  designs,  they  display  not  only  better  navigational  performance, 
but  also  lower  volumes,  weights  and  power  consumption. 

The  airborne  receiver  analyzes  the  delay  differences  of  the  signals  from  the  in- 
dividual ground  transmitters.  This  problem  can  be  solved  by  pulse-delay  measurements 
with  the  aid  of  delay  networks  (LORAN  A),  by  phase  measurements  (OMEGA,  DECCA)  or  by 
a combination  of  both  measuring  methods  (LORAN  C).  Some  sophistication  is  needed  to 
properly  associate  measurements  with  position.  In  particular,  the  Individual  trans- 
mitters of  a chain  should  be  identifiable  even  though  they  are  using  the  same  carrier 
frequency. 


2.  Omega 

The  transmitters  of  the  Omega  system  radiate  their  position  data  in  the  VLF  range. 
Most  of  the  users  are  ships;  however,  a sufficient  field  strength  of  the  position  sig- 
nals may  also  be  expected  up  to  a diving  depth  of  15  m (50  ft). 

The  propagation  of  Omega  signals  is  best  described  with  the  model  of  two  spheri- 
cal shells  forming  the  boundaries  of  a wave  guide  7.  One  of  the  boundaries  is  the 

surface  of  earth  and  the  other  is  the  D layer  of  the  ionosphere  about  70  km  above 
ground.  In  the  space  enclosed  by  these  two  boundaries,  a number  of  modes  can  be  set 
up  and  these  modes  may  interfere  with  each  other.  Careful  investigations  of  propa- 
gation have  shown  that  only  a carrier  frequency  of  about  10  kHz  is  useful  for  long- 
distance navigation.  For  this  reason,  the  frequency  of  10.2  kHz  was  selected  for  the 
Omega  master  carrier. 

In  1966,  the  first  transmitters  of  the  Omega  system  started  trial  operations.  In 
1968  everybody  was  convinced  that  all  expectations  can  be  met  and  plans  for  the  con- 
struction of  a total  of  8 ground  transmitters  were  implemented  for  worldwide  coverage. 
Table  2 lists  the  locations  and  states  of  the  individual  ground  transmitters 

Table  1 


Station 

chain 

Country 

Objectives  planned  or  met 

A 

Norway 

ERP  increase  from  2 to  10  kW  (1974) 

B 

Trinidad 

Equipment  Substitution  (Operable  1975) 

C 

Hawaii 

Equipment  Substitution  (C^erable  1974) 

D 

USA 

Relocation  of  Transmitter,  ERP  10  kW  (1972) 

E 

Madagascar 

Construction  Phase  (1975) 

F 

Argentine 

In  Planning  Stage  (Op.  1975) 

G 

Australia 

(Op.  1975) 

H 

Japan 

Under  Construction  (Op.  1974) 

ERP  - Effective  Radiated  Power 


As  may  be  seen  from  Table  1,  only  four  ground  transmitters  were  in  operation  on  I 
the  northern  hemisphere,  partly  with  reduced  radiation  power,  in  197^.  The  full  oper-  ^ 
ability  of  the  Omega  system  with  worldwide  coverage  could  not  be  expected  before  1975. 

Fig.  2 shows  the  locations  of  the  8 ground  transmitters  on  the  globe;  shown  are  also  ;| 
the  LORAN  chains  discussed  later. 
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Fig.  2 Distribution  of  LORAN  C and  Omega  stations  on  the  earth. 

The  existing  LORAN  C transmitters  are  Identified  as  black 
dots,  the  existing  Omega  transmitters  as  double  circles 
and  the  letters  A,  B,  C and  0.  The  asterisks  Indicate 
planned  Omega  stations. 

The  Omega  signals  permit  the  user  to  fix  his  position  by  the  phase  measurement 
principle:  since  the  signals  from  the  transmitters  arrive  In  a sequence,  the  first 
signal  has  to  be  stored  In  the  receiver  for  phase  measuring  against  the  second  signal. 
This  Is  usually  accomplished  by  synchronizing  a highly  stable  oscillator. 

The  master  carrier  for  the  phase  comparison  has  the  frequency  f-j  - 10.20  kHz. 

This  frequency  corresponds  to  a lane  width  of  8 nautical  miles  (nm)  or  IA.7  km  on  the 
base  line  of  two  ground  transmitters.  The  resulting  ambiguity  of  Omega  positioning 
can  generally  be  eliminated  by  other  navigational  means,  e.g.  dead  reckoning  or  astro* 
navigation.  However,  even  the  Omega  system  Itself  offers  the  user  a possibility  for 
coarse  position  fixing.  For  this  purpose,  the  two  subcarriers  f2  - 13*60  kHz  and 
fjj  ■ 11.33  kHz  are  radiated.  In  the  airborne  receiver,  the  following  difference  fre- 
quencies are  therefrom  obtained: 

f2  - f^  - ^1/3  “ width  24  nm 

fj  - f^  » ^1/9  “ width  72  nm 

Thus  the  lane  width  Is  always  Increased  by  the  factor  3 and  will  In  almost  all 
cases  permit  unambiguous  association  of  the  lanes. 

Under  discussion  are  also  suggestions  to  extend  the  Information  content  of  the 
position  signals  by  additional  frequencies  «. 

The  carriers  ff,  f?,  and  are  Identical  for  all  ground  transmitters  of  the 
Omega  system.  For  unamolguous  Identification  of  the  signals  fiom  these  transmitters 
In  the  airborne  unit,  the  signals  have  to  be  radiated  in  a unique  sequence  by  time 
sharing.  For  this  purpose,  a signal  scheote  with  a cycle  of  exactly  10.0  sec  has  been 
chosen.  This  cycle  is  broken  down  in  working  Intervals  of  0.9  to  1.2  sec.  Provided 
between  the  working  Intervals  are  Idle  Intervals  of  0.2  sec  each  with  a total  of  1.6 
sec.  Table  3 shows  the  exact  Omega  signal  format.  It  shows  that  the  ground  trans- 
mitter A in  Norway  (see  Fig.  2)  radiates  the  master  carrier  fi  in  the  first  working 
interval  of  0.9  sec.  During  the  same  Interval,  the  ground  transmitter  G In  Australia 
will  radiate  the  subcarrier  13  and  the  ground  transmitter  H in  Japan  the  subcarrier 
f2.  The  user  may  make  use,  for  phase  measurements,  of  the  hyperbolic  lines  of  posi- 
tion associated  with  the  stations  A,  H,  and  G.  After  this  interval  of  0.9  sec  follows 
an  Idle  Interval  of  0.2  sec  (not  shown  In  the  Table  2)  during  which  all  position  sig- 
nals may  decay  and  build-up.  This  scheme  provides  an  Information  repetition  rate  of 
10.0  sec  which  Is  fully  satisfactory  for  marine  use. 

The  radiation  of  the  position  signals  Is  strictly  linked  to  the  universal  time 
UTC-2.  Thus  synchronization  is  enforced  In  all  8 ground  transmitters  many  thousand 
kilometers  apart.  Transmitter  A starts  with  the  carrier  f-)  at  00.00  hours  UTC-2  with 
the  positive-going  passage  through  zero  of  Its  oscillation.  Initiating  the  sequence 
of  Table  2 that  Is  then  constantly  recycled. 
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Table  2 Signal  Schena  of  the  Onega  Tranaaittera 


Ground  transmitters 

Duration  of 
intervals 

the  individual  transmitter  working 
'in  seconds) 

0.9 

1.0 

1.1 

1.2 

1.1 

0.9 

1.2 

1.0 

0.9 

1.0 

1.1 

1.2 

ground  transmitter  A 

(Norway) 

■a 

EM 

9 

■ 

^2 

a 

■l 

ground  transmitter  B 

(Trinidad) 

9 

^3 

■ 

ground  transmitter  C 

(Hawaii) 

■ 

^1 

^2 

la 

IB 

ground  transmitter  D 

(USA) 

■ 

^1 

SI 

^1 

ground  transmitter  E 

(Madagascar) 

h 

^3 

ground  transmitter  F 

(Argentine) 

■ 

^1 

^2 

^3 

ground  transmitter  G 
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Known  Is  also  a wide-range  navigation  system  similar  to  Omega  with  transmitters 
In  USSR.  Here  the  carrier  frequencies  are 


f^  - 11.905  kHz,  f2  - 12.6A9  kHz,  f^  - 14.881  kHz. 

One  cycle  takes  only  3.6  sec.  This  rapid  data-repetitlon  rate  is  valuable  for  avia- 
tion 


As  to  the  range  of  the  Omega  system  for  worldwide  coverage  with  position  data, 
reliable  reception  for  3 lines  of  position  can  be  expected  at  any  point  of  the  earth 
surface.  Because  of  the  magnetic  field  of  earth,  the  maximum  distances  depend  on  the 
direction  of  propagation.  The  following  values  are  known  N and  S:  8,100  nm; 

W-E:  11,300  nmi  E-W:  4,900  nm. 


The  accuracy  of  the  Omega  signals  is  greatly  Influenced  by  the  diurnal  and  sea- 
sonal variations  of  the  phase  velocity.  These  variations  can  be  predicted  rather 
accurately  for  a given  user  position.  They  are  made  available  to  the  user  in  the 
form  of  correction  tables.  Table  3 examplifies  the  structure  and  content  of  this  im- 
portant aid  Oi  7.  The  unit  of  correction  is  one  hundredth  of  one  cycle  (1  centicycle) 
of  10.2  kHz.  The  tables  contain  these  sky  wave  corrections  (SWC)  for  each  full  hour 
of  the  day  and  for  every  15  days.  Finally,  a sequence  of  tables  presents  longitudes 
and  latitudes  spaced  by  40.  The  figures  of  the  correction  table  are  indicated  with  re- 
versed signs  by  the  Omega  Indicators  for  correction. 


Table  3 Examples  for  correction  tables  after  Swanson  (SWC)  to  Improve  the 
Omega  position  accuracy 

Position  of  the  observer;  0.0  68.0  west 

Transmitter  received;  ground  transmitter  D 


Date 


Jan.  1-15 


Mar.  1-15 


May  1-15 
July  1-15 


Time  of  the  day 

Cl  c:  C3  zi  oi  zi, 


(Greenwich  Medium  Time) 


CK  IC  II  12  I'  H li  Ift  12  IB  19  20  21  22  21  24 


56  *i»,  -46  - 46  -46  —46  -46  — 4|,  46  46  —46  —32  — 6 —3  —1  12  2 2 1-1-4  —7  —54  -56 


_46  -S6  -46  _46  46  -56  -46  -56  -46  ~S6  -46  -13  -7-3  C 2 4 4 4 2 -1  -4  -S  -17  -46 


_4C  -56  -46  -.46  -46  -56  - 46  -46  -56  -46  -4  -I  2 5 6 6 5 3 1 -3  -7  -12  -50 


-36  -56  —56  -46  -56  -56  -46  46  -46  - 46  -14  -2  0 2 4 4 6 6 6 5 3 1-1  -3  -36 


— fi 

The  numerical  values  of  the  table  in  centicycles  ( about  10“  sec)  are  true 
for  the  master  carrier  of  10.2  kHz. 
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In  a lialtad  area  of  navigation,  the  accuracy  of  the  Onega  position  fixing  can 
be  improved  with  the  aid  of  a monitor  station.  The  latter  will  currently  check  the 
measurements  at  a known  measuring  location,  determine  the  instantaneous  optimum  cor- 
rection values,  and  pass  these  in  a suitable  way  (usually  through  VHP)  to  the  users 
in  this  area.  This  procedure  is  called  Differential  Onega.  The  correction  values 
can  be  passed  on  in  any  feasible  way,  e.g.  by  radio,  telephony,  transmission  of  test 
tones,  etc. 

The  system  accuracy  thus  depends  especially  on  propagation  of  conditions.  If 
sufficient  time  is  available  for  position  fixing  as  on  ships,  then  an  accuracy  batter 
than  1 nm  can  be  achieved  by  correction  values  and  combination  of  different  measuro- 
nents.  Generally  errors  between  0.5  and  1 nm  will  have  to  be  expected  in  daytime  and 
doubled  values  in  nighttime.  The  following  rule  of  thumb  applies  to  most  cases 

Rcep  ■ 0.12  d'O  where  R(i£p  is  the  probable  error-circuit  radius  in  nm  and  dt  is  the 
difference  in  time  in  /js  (all  hundredth  of  the  lane  width  at  10  kHz).  (CEP  > Circu- 
lar Error  Probability.) 

The  Omega  accuracy  can  be  summarized  ^ under  three  conditions  (Table  4): 

(a)  As  differential  Omega;  relative  and  reproducible. 

(b)  By  returning  of  the  starting  point  within  one  month  and  the  same  hour  of  the  day; 
reproducible. 

(c)  Using  the  previously  computed  corrections  for  the  hour  of  the  day,  season  of  the 
year,  and  propagation  path;  predictable. 

Table  4 Summary  of  Omega  accuracy 


Condition  (A) 

Condition  (B) 

Condition  (C) 

Time 

S 

CEF 

S 

CEP 

S 

CEP 

% 

nm 

% 

nm 

% 

nm 

daytime 

1-3 

0.12-0.36 

5.2 

0.62 

6.7 

0.8 

nighttime 

1-3 

0.12-0.36 

6.0 

0.27 

8.1 

0.97 

transition 

1-3 

0.12-0.36 

6.5 

0.78 

10.8 

1.3 

S - Spacing  between  lanes 


Transmitters  and  receivers 

Apart  from  the  propagation  conditions,  the  accuracy  of  Omega  position  signals 
primarily  depends  on  the  frequency  and  phase  stability  of  the  individual  gr^'jnd  trans- 
mitters. The  necessary  stability  of  these  values  is  achieved  by  using  in  each  ground 
transmitter  4 ceslum-utom  frequency  standards  and  by  according  one  transmitter  the 
function  of  a master  transmitter  that  is  to  phase-synchronlze  the  other  transmitters. 

The  carrier  frequencies  are  generated  in  the  frequency  synthesizer  in  four  inde- 
pendent chaxmels  that  are  continuously  compared  with  each  other.  The  carrier  fre- 
quencies are  then  passed  through  the  power  stages  and  a power  of  about  130  kW  is  avail- 
able across  the  transmitter  output.  The  ground  transmitters  have  the  AN  designation  ] 

FRT-68,  the  associated  control  units  have  the  AN  designation  FRN-30  (F  - fixed  ground,  { 

R - radio,  N - navigational  aids,  T > transmitting).  j 


To  achieve  a tolerable  antenna  efficiency,  large-dimension  transmitting  antennas 
are  required  for  the  Omega  ground  stations.  Where  geographic  conditions  permit, 
valleys  with  suitable  slopes  are  prefnrred  for  radiator  element  mounting.  The  ground 
transmitter  in  Japan,  however,  will  receive  a 450  m high  radiator.  Its  upper  end  will 
carry  16  radial  wires.  Burled  in  the  ground  are  90  wires,  each  200  m long.  The  vol- 
tage at  the  Insulator  base  will  have  170  kV. 

Because  of  the  very  low  bandwidth  of  about  20  Hz,  all  ground  transmitters  have  to 
change  over  the  tuning  of  their  antennas  for  each  of  the  3 carrier  frequencies  by  auto- 
matic means;  flnetunlng  means  compensate  for  the  effects  of  wind  and  weather.  The 
effective  radlated^power  (ERP)  of  the  Omega  system  is  only  10  kW  in  spite  of  the  cost- 
ly antenna  system 

A number  of  receivers  is  offered  for  the  analysis  of  the  Omega  signals.  The 
prices  fluctuate  considerably  depending  on  whether  the  user  wants  a simple,  fully  auto- 
matic operation  or  wants  to  invest  his  own  efforts  for  operation  and  analysis.  The 
circuit  designers  are  also  offering  rather  different  solutions.  Generally  the  Omega 
carriers  pass  through  an  amplifier  and  a filter  stage  and  are  then  translated  into  the 
low-frequency  range  of  1000  Hz.  In  the  course  of  further  amplification,  the  bandwidth 
is  narrowed  down  to  about  50  Hz.  Some  designers  eliminate  the  frequency  translation 
and  employ  tuned  RF  receivers.  In  almost  any  case  the  Omega  signals  are  processed  by 
integrated  circuits  with  control  and  tracking  devices.  Since  the  signals  from  the  In- 
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dividual  ground  transmitters  are  radiated  at  different  times  in  accordance  with  Table 
2 and  have  different  propagation  paths  depending  on  the  user's  position,  the  receiver 
should  feature  storage  means  for  subsequent  analysis  of  the  phase  difference.  This  is 
usually  accomplished  by  digital  circuits  b-lO.  As  useful  position  signals  have  to  be 
expected  from  4 ground  transmitters,  the  corresponding  circuits  should  be  available  in 
quadruplicate.  Widely  used  are  digital  control  circuits  of  Type  II  (veloclty/zero- 
error  control  circuits). 

Some  known  models  of  airborne  units  are:  CMA-723  arid  CMA-719  by  Canadian  Marconi 

Co.,  AN/ARN-99  by  Northrop  Corp.,  ORN-101  by  Lltcom,  M2  and  MN  by  Sercel. 

Mounting  of  antennas  on  ships  usually  presents  no  problem.  In  the  case  of  air- 
craft, difficulties  are  frequently  encountered  because  disturbing  harmonics  of  the 
400-Hz  airborne  power  supply  are  picked  up.  A remedy  consists  in  mounting  two  crossed 
iron-  air  coils  in  a suitable  location  to  form  the  antenna 


3.  LORAN  A 

LORAN  is  an  acronym  for  the  field  of  application  (Long  Range  Navigation).  The 
origins  of  this  navigational  aid  reach  back  into  the  year  1941.  Then  a rapidly  oper- 
ational long  range  navigation  system  was  wanted  for  the  allied  air  forces  and  navies. 
Selected  was  a hyperbolic  system  in  the  2-MHz  region.  Systematic  investigations  of 
propagation  had  shown  that  both  large  ranges  and  satisfactory  accuracy  for  pulse-mo- 
dulated position  signals  could  be  expected  in  this  frequency  region  considering  the 
state  of  the  art.  The  decision  was  probably  controlled  by  the  findings  that  the  re- 
flecting ionosphere  layer  has  an  unexpectedly  stable  altitude  of  100  ^ 2.3  km  in 
nighttime  so  that  the  sky-wave  propagation,  too,  could  be  exploited  for  position 
fixing  '>2.  Soon  trial  operations  with  100  kW  transmitters  were  started  on  the  Bermu- 
das. The  results  were  uncommonly  encouraging  and  the  system  was  therefore  promoted. 
In  spring  1943,  the  first  LORAN  chain  resumed  continuous  operation.  The  meantime 
running  production  by  the  US  industry  soon  yielded  the  necessary  quantities  of  ground 
and  airborne  equipment  units.  By  the  end  of  World  War  II,  70  tr<xnsmitters  were  in 

and  about  50,000  airborne  and  3,000  shlpborne  receivers  had  been  delivered 
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Meantime  61  transmitters  radiate  position  signals  in  the  LORAN  A format.  For  the 
47  transmitters  served  by  US  personnel,  $ 250,000  per  ground  transmitter  are  required. 
These  transmitters  provide  a coverage  along  all  coasts  of  USA.  The  operating  costs 
of  the  whole  system  will  amount  to  » 600  million  during  the  next  30  years  according  to 
present  estimates  '*0.  ^ne  basic  configuration  of  LORAN  A is  a pair  of  transmitters 
with  cooperating  functions,  the  master  transmitter  M and  the  master-synchronized  slave 
transmitter  S.  Under  the  pressure  of  wa-  LORAN  A was  rapidly  implemented  without  the 
delta  or  wye  arrangement  of  Fig.  1 that  was  later  found  so  useful.  Rather,  the  indi- 
vidual pairs  of  transmitters  were  roughly  Installed  along  the  most  Important  coasts 
and  islands. 

The  lines  Interconnecting  the  master  transmitter  M and  the  slave  transmitters 
(Sx»  Sy  and  Sj  in  Fig.  1)  are  called  the  bases  of  a hyperbolic  system.  Their  length 
greatly  depends  on  the  frequencies  chosen  and  the  mission  of  the  system.  In  LORAN  A, 
initially  called  the  Standard  LORAN,  the  base  lines  are  usually  several  hundred  kilo- 
meters long,  thus  reliably  providing  sufficient  field  strength  of  the  ground  wave  to 
synchronize  the  slave  transmitter. 

For  special  missions  of  the  allied  air  fleets  over  Central  Europe,  a modification 
of  the  Standard  LORAN  was  in  use:  the  Skywave  Synchronized  Loran  System  (SS  LORAN). 

Here  the  base  lines  are  over  2000  km  long.  Synchronization  between  master  and  slave 
transmitters  could  be  achieved  only  with  the  aid  of  the  sky-wave  propagation.  This 
method  was  abandoned  after  the  war 

The  ground  transmitters  of  LORAN  A are  dimensioned  for  a pulse  power  of  100  kW. 
However,  more  powerful  output  stages  have  also  been  developed.  The  pulse  duration  of 
LORAN  A is  45  /js  , measured  between  the  half-amplitude  points  the  rise  and  fall 
times  are  10  each.  The  following  operating  channels  were  selected  as  carriers  of 
the  positions  signals  in  LORAN  A;  1,950  kHv  In  channel  I;  1,850  kHz  in  channel  II; 
1,900  kHz  in  channel  III;  and  1,750  kHz  in  r.h»  inel  IV,  Primarily  the  channels  I and 
II  were  allocated  to  the  transmitters.  In  eacn  channel,  a substantial  number  of 
ground  transmitters  operate  with  different  pulse  frequencies.  In  the  airborne  equip- 
ment, the  individual  pairs  or  transmitters  and  again  the  master  and  the  slave  trans- 
mitter of  each  pair  have  to  be  identified  easily  and  uniquely.  This  problem  was 
solved  very  elegantly.  To  separate  the  M from  the  S pulses,  the  latter  follow  with  an 
adjustable  time  offset.  This  time  offset  is  chosen  so  that  the  S pulses  are  released 
not  before  the  M synchronizing  pulses  are  released,  thus  eliminating  the  ambiguity  of 
the  delay  measurement  referred  to  the  perpendicular  to  the  center  of  the  base  line; 
on  the  other  hand,  the  S pulses  are  radiated  with  another  delay  by  about  one  half  of 
the  pulse  repetition  time  so  that  a two-trace  reading  as  shown  in  Fig.  3 is  obtained. 
The  M and  S pulses  thus  have  exactly  identical  pulse  repetition  frequencies  and  are 
strictly  synchronized;  however,  they  are  radiated  with  a controlled  time  offset. 
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Fig.  3 Principles  of  the  LORAN  A analyzing  circuits. 


SS-0  100.0  ms  SL-0  60.0  ms  SH-0  60.0  ms 

S-0  50.0  ms  L-0  40.0  ms  H-0  30.0  ms 

Further  subdivision  and  a resulting  increase  of  the  number  of  channels  is  ob- 
taines  by  inserting  idle  intervals  of  0.1  ms  in  the  pulse  sequence.  These  additional 
pulse  sequences  are  identified  by  the  numerals  1 through  7.  From  the  definition  it 
follows  that  the  sequence  of  the  individual  pulses  in  time  is  exactly  fixed,  but  the 
pulse-sequence  frequencies  are  fractions.  Table  5 shows  these  relationships.  For 
the  LORAN  C transmitters  operating  in  the  North  Atlantic,  for  instance,  the  code  SL-7 
means  a super-position  of  pulses  separated  by  79.3  ms,  which  corresponds  to  a pulse 
repetition  frequency  of  12  39/64  Hz. 


Table  3 Relationship  between  pulse  separations,  pulse  frequencies,  and  the 
corresponding  codes  in  LORAN  charts  and  LORAN  tables 


1 

2 

3 

4 

5 

6 

7 

0 

9 

Code 

Sepa- 
ration 
in  ms 

Fre- 
quency 
in  Hz 

Code 

Sepa- 
ration 
in  ms 

Fre- 
quency 
in  Hz 

Code 

Sepa- 
ration 
in  ms 

Fre- 
quency 
in  Hz 

SL  0 

8C.0 

12  1 2 

L 0 

4C,0 

25 

H 0 

30,0 

33  3 9 

SL  1 

79,9 

12  33.'64 

L 1 

39,9 

25  1/16 

H 1 

29,9 

35  4/9 

SL  2 

79,8 

12  34'64 

1.  2 

39,8 

25  16 

H 2 

29,8 

33  5/9 

SL  3 

79.7 

12  35^64 

L 3 

39,7 

25  3 16 

H 3 

29,7 

33  6/9 

SL  4 

79.6 

1 : 36  64 

L 4 

59,6 

25  4/16 

H 4 

29,6 

33  7/9 

SL  5 

79.5 

12  37,64 

L 5 

39,5 

25  5 16 

H 5 

29,5 

33  «'9 

SL  6 

79.4 

12  38.64 

L 6 

39,4 

25  6H(, 

H 6 

29,4 

34 

SL  7 

79.3 

12  39/64 

L 7 

39.3 

25  7/16 

H 7 

29,3 

34  1/9 

I 


I 


i 
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Knowledge  of  the  structure  of  the  Individual  Loran  pulse  frequencies  facilitates 
understanding  of  the  functional  interworking  between  the  LORAN  receiver  and  the  indi- 
cator. Here  the  delay  difference  has  to  be  derived  from  the  staggered  reception  of  M 
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and  S pulses;  this  difference  corresponds  to  the  path  difference.  Fig.  3 shows  the 
measuring  principle  us*d  for  this  purpose.  For  the  sake  of  simplicity,  all  events  are 
represented  for  a pulse-repetltlon  frequency  of  23.0  Hz,  corresponding  to  pulse  se- 
parations of  40.0  ms  (code  LO). 

The  adjusting  and  measuring  functions  are  Just  the  same  for  the  other  pulse-re- 
petltlon  frequencies.  Experience  showed  that  the  versatility  of  LORAN  could  best  be 
used  with  the  aid  of  a CRO  display  unit.  A double  trace  Is  written  on  the  CRO  screen. 
When  the  receiving  station  Is  properly  adjusted,  the  M pulse  appearing  across  the  re- 
ceiver output  Is  Indicated  as  a small  pedestal  at  the  beginning  of  the  upper  trace 
(Fig.  3).  The  subsequently  received  S pulse  is  offset  by  the  time  tb  tc  where  tb 
corresponds  to  the  propagation  time  along  the  base  line  while  the  delay  tc  is  chosen 
so  that  the  S pulse  Is  displayed  In  the  second,  lower  trace  of  the  CRO  at  each  point 
of  reception  within  the  hyperbolic  field.  In  the  simplest  case,  tb  tc  Is  the  half 
of  the  pulse  separation  time  of  the  M transmitter.  In  our  example  20  ms.  The  sweep 
frequency  corresponding  to  the  pulse  frequency  Is  adjusted  on  the  CRO  In  compliance 
with  the  table  data  or  navigation  charts  and  manually  adjusted  until  the  pulses  remain 
stationary.  The  sweep  voltage  Is  derived  from  a crystal  oscillator  having  the  fre- 
quency of  100  kHz;  the  sweep  voltage  has  a stability  that  is  fully  satisfactory  for 
the  operation.  From  the  sweep  stage  In  Fig.  3 the  sweep  voltage  Is  applied  to  the  ho- 
rizontal-deflection plates.  In  our  example.  It  has  the  frequency  of  30.0  Hz  because 
while  the  two  LORAN  pulses  are  repeated  with  a separation  of  40.0  ms,  the  CRO  beam  has 
to  be  deflected  across  the  screen  every  20.0  ns  per  trace  (Including  retrace).  More- 
over, a square-wave  voltage  In  synchronism  with  the  row  tracing  should  raise  the  beam 
to  the  N trace  and  lower  It  to  the  S trace  (voltage  from  the  stage  "double  row  N,  S" 

Is  applied  to  the  vertical  deflection  plates). 

The  CRO  screen  has  the  function  of  a memory  in  this  measuring  method.  Because  of 
the  phosphor  afterglow,  both  pulses  appear  for  the  observer  at  the  same  time  they  are 
also  received  and  written  In  succession.  The  length  of  the  trace  corresponding  to  the 
separation  of  the  two  pulses  Is  a measure  for  the  difference  in  propagation  time,  or 
the  time  difference  (Fig.  4).  The  measuring  procedure  for  this  difference  requires 
the  observer  to  place  an  adjustable  pedestal  under  the  M and  S pulse,  respectively,  so 
that  the  M and  S pulses  appear  seated  on  the  Initiation  of  the  pedestal  (Fig.  4a). 


Fig.  4 LORAN  A Measuring  Procedure 


These  pedestals  with  the  M and  S pulses  are  now  ej^anded  as  shown  by  tbo  dashed 
lines  so  that  the  M and  S pulses  are  expanded  too  (Fig.  4b).  Now  the  square-wave 
voltage  for  the  double  trace  Is  switched  off  and  the  M and  S pulses  are  written  In  one 
trace  only  (Fig.  4c).  The  leading  edges  of  both  pulses  are  made  to  coiuclde.  7n  older 
equipment  units,  the  time  difference  corresponding  to  this  shift  had  to  be  determined 
by  a separate  measuring  procedure  ("markers"  In  Fig.  3).  In  modem  equipment,  the  de- 


lay  tine  Is  meas'jrad  with  a calibrated,  variable  delay  network. 

Suitable  planning  of  the  carrier  and  puls.  :.'rcquency  distribution  largely  avoids 
the  Interference  of  pulses  froia  neighbouring  pairs  of  transmitters  in  the  delay  align- 
ment. Interfering  pulse  sequences  that  might  be  displayed  on  the  screen  will  run  across 
the  screen  because  of  their  different  pulse  frequencies  and  hardly  disturb  the  analy- 
sis of  the  stationery  pulses. 

The  latest  equipment  models  offer  numerous  simplifications  of  operation.  In  par- 
ticular, the  individual  circuits  are  adjusted  only  once  and  by  automatic  means  there- 
after. Finally,  the  receivers  are  designed  so  that  they  can  receive  not  only  LORAN  A 
pulses,  but  also  LORAN  C pulses.  The  price  of  older  units  was  about  1000  dollars, 
that  for  modera  units  is  up  to  10,000  dollars. 

The  range  is  very  different  depending  on  whether  propagation  over  land  or  sea  is 
involved,  daytime  or  nighttime  conditions  apply,  ground  waves  or  sky  waves  are  used. 

The  ground  wave  over  the  sea  has  a range  of  about  700  to  800  nm  in  daytime,  bit  only 
450  nm  in  nighttime.  The  sky  wave  over  sea  yields  ranges  up  to  1500  nm.  Over  land 
and  in  daytime,  the  ground  wave  has  useful  field  strengths  between  200  and  500  nm,  at 
night  with  the  sky  wave  similar  conditions  as  over  sea 

In  95^  of  all  cases,  a value  of  0.2  to  0.696  of  the  observer  distance  from  center 
of  the  base  line  of  the  LORAN  A transmitters  is  quoted  as  the  accuracy  in  determining 
a line  of  position.  In  generalized  form,  an  accuracy  of  1 to  5 nm  can  be  quoted 


4.  LORAN  C 

The  LORAN  A system  aided  the  allied  air  force  and  navy;  however,  several  disad- 
vantages could  not  be  overlooked,  especially  uncertainties  by  ionosphere  propagation 
in  the  2-MHz  region.  Therefore,  better  solutions  were  wanted  even  during  World  War  II 
and  it  was  believed  they  could  be  found  in  the  frequency  region  around  160  kHz.  In 
1944,  orders  for  experimental  systems  were  issued,  but  upon  completion  of  WW  II  all 
work  was  discontinued  '•3. 

In  the  subsequent  years,  the  US  air  force  still  demanded  a long-wave  LORAN  system. 
During  extensive  experiments  in  the  Arctic,  experience  on  long-wave  propagation  was 
gathered  from  19^6  to  1948  and  efforts  were  made  to  separate  the  ground  wave  from  the 
sky  wave  in  the  receivers.  Yielding  to  the  pressure  of  military  specifications,  espe- 
cially for  a range  of  over  1000  nm,  finally  the  long-wave  hyperbolic  LORAN  C system 
was  developed.  The  first  chains  for  military  use  were  installed  in  the  north-east 
Atlantic  and  in  the  Mediterranean  area.  Now  8 chains  with  34  transmitters  are  in 
operation,  covering  about  496  of  the  surface  of  earth  ''0.  Fig.  2 shows  the  locations 
of  these  chains.  It  may  be  seenthat  a master  transmitter  is  often  surrounded  by  3 or 
4 slave  transmitters  as  was  also  shown  in  Fig.  1 . The  distance  between  the  slave  to 
the  master  transmitters,  l.e.  the  base  line  of  a chain,  is  between  1000  and  2000  km 
long.  The  accuracy,  about  ten  times  better  than  with  LORAN  A,  was  achieved  by  coarse 
and  fine  position  fixing,  a combination  of  delay  and  phase  difference  measui'ements ; 
the  ground  wave  can  be  separated  from  the  sky  wave  by  application  of  pulse  technolo- 
gy 1f  2,  10,  12^ 

LORAN  C operates  with  a single  fixed  frequency  of  100  kHz  for  all  ground  trans- 
mitters. The  internationally  settled  permissible  bandwidth  in  this  range  from  90  to 
110  kHz  is  exploited  by  optimum  shaping  of  the  pulse  envelope  without  interfering  with 
the  adjacent  channels  as  in  LORAN  A;  the  individual  LORAN  C chains  are  identified  by 
their  pulse  frequencies  and  additionally  by  pulse-phase  coding.  The  same  combinations 
of  letters  and  figures  as  shown  in  Table  5 are  employed  as  codes. 

Owing  to  the  fully  automatic  analysis,  the  operation  is  the  simplest  possible; 
the  chain  code,  e.g.  SL-3,  applicable  to  the  area  in  question,  is  taken  from  the  charts 
and  adjusted  in  the  receiver;  then  the  delay  differences  of  2 hyperbolic  lines  of  po- 
sition appear  in  the  two  windows  and  are  looked  I’p  in  the  chart.  Their  intersection 
is  the  instantaneous  position  of  the  observer  who  may  also  check  the  quality  of  the 
information  on  a small  CRO  screen. 

System  description  and  signal  format 

Contrary  to  LORAN  A,  the  position  signals  are  no  longer  individual  pulses  in 
LORAN  C (for  discrimination  between  master  and  slave  transmitters),  but  pulse  se- 
quences. Fig.  5 shows  the  structure  and  sequence  of  the  various  position  signals. 

Each  pulse  sequence  comprises  a number  of  slmgle  pulses  following  a strict  format. 
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Fig.  5 LORAN  C Signal  Format 


The  pulse  sequence  of  a LORAN  C slave  transmitter  comprises  6 pulses  at  Intervals 
of  1 ms.  The  sequence  duration  Is  therefore  about  7 ms.  The  M sequence  Is  characte- 
rized by  a ninth  pulse  following  this  sequence  after  an  Interval  of  2 ms  (Fig.  5). 
Hence,  the  duration  of  an  M sequence  Is  about  9 mo.  The  phase  of  each  Individual  RF 
pulse  has  a fixed  relation  to  the  phase  of  a reference  frequency  and  thus  permits 
phase  coding.  These  measures  are  employed  to  Identify  the  Individual  M and  S trans- 
mitters by  reliable  and  automatic  means  In  the  airborne  equipment.  The  effect  of  long 
sky-wave  sequences  Is  eliminated  and  the  accuracy  of  the  ground-wave  measuring  Is  en- 
sured under  all  circumstances.  The  pulses  of  a sequence  may  be  phase  coded  as  shown 
In  the  following  example  where  + means  In  nhase  with  the  reference  frequency  and  - out 
of  phase: 


M:  44.— f-4— f or 

S:  ♦♦♦++ — ♦ or  — 

Radiation  of  8 pulses  In  a sequence  Increases  the  mean  ERP  without  Increasing  the 
peak  power  of  the  transmitters.  Moreover,  satisfactory  delay  measurements  are  fea- 
sible even  In  the  presence  of  a low  signal -noise  ratio:  even  when  the  signals  are 
20  db  down  referred  to  the  noise,  LORAN  C position  signals  are  still  useful. 

This  phase  coding  provides  the  additional  means  of  transmitting  simple  data  apart 
from  the  position  signals.  Thus  the  ninth  pulse  of  the  M sequence  supplies  informa- 
tion on  the  operational  reliability  of  the  Individual  LORAN  C chains.  If  the  ninth 
pulse  has  the  constant  Interval  of  2 ms  to  the  preceding  sequence,  this  hyperbolic 
chain  can  unreservedly  be  used  for  navigational  purposes;  if  this  interval  of  2 ms 
fluctuates  because  of  keying  In  the  ground  station,  this  Indicates  a disturbance 
causing  the  airborne  equipment  to  generate  an  alarm  signal. 

The  M sequences  are  radiated  every  50  to  100  ms;  the  S sequences  follow  at  off- 
set, but  synchronized  times  (Fig.  7).  Modem  receivers  permit  direct  analysis  of 
these  position  data  In  spite  of  the  high  repetition  rate.  Storage  registers  In  the 
receiver  store  the  M data  until  S data  come  in.  In  the  ground  transmitters,  the  S 
sequences  are  offset  In  time  so  that  each  sequence  can  properly  decay  before  the  next 
sequence  Is  transmitted.  Consideration  Is  given  to  the  sky-wave  propagation.  Gener- 
ally the  slave  transmitter  X Is  offset  by  11  ms,  the  sequences  of  the  Y and  Z trans- 
mitters correspondingly  more  (Fig.  5).  Some  LCXIAN  C chains  have  k slave  transmitters 
(Fig.  2),  which  results  In  particularly  satisfactory  Intersection  angles  of  the  hyper- 
bolic lines  of  position.  In  such  cases,  the  fourth  S transmitter  Is  Identified  by  the 
letter  V and  Its  pulse  sequence  precedes  that  of  the  X transmitter  't  1A, 

The  signal  format  above  described  allows  a coarse  position  fixing  with  high  In- 
formation rate.  The  desirable  fine  position  fixing  Is  achieved  by  measuring  the  phase 
difference  between  the  Individual  carrier  oscillations  of  M and  S transmitters  whose 
phase  relations  from  sequence  to  sequence  and  within  each  sequence  have  to  be  syn- 
chronized. 

Position  fixing  requires  separation  of  ground-wave  and  sky-wave  signals  In  the 
airborne  equipment.  In  LORAN  A this  problem  was  simply  solved  by  observing  the  CRO 
screen  of  the  Indicator  unit.  For  LORAN  C this  trivial  method  la  no  longer  satis- 
factory. Here  a special  technique  Is  employed:  based  on  the  ejqperlence  that  the  sky 

wave  arrives  at  least  30  >js  or  3 full  carrier  cycles  after  the  ground  wave  when  the 
carrier  frequency  Is  100.0  kHz,  the  phase  measurement  Is  obtained  during  this  period 
so  that  the  Ionosphere-reflected  signals  have  no  effect.  For  this  purpose,  a current 
gate  Is  provided  In  the  receiver  and  will  pass  only  the  first  three  oscillations  of 
the  IXXIAN  C pulse. 

The  envelope  of  the  LORAN  C pulse  la  tightly  controlled.  As  may  be  seen  from 
Fig.  6,  the  leading  edge  of  this  pulse  Increases  tc  Its  amplitude  maximum  within  7 
oscillations  or  70ijs  . The  ejqponential  decay  takes  about  20  oscillations  so  that 
the  complete  pulse  has  the  duration  of  about  270  ;js  . 
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Fig.  6 LORAN  C Pulse 


The  accurately  defined  leading  edge  of  this  pulse  has  a fixed  sampling  point 
after  the  first  2.75  oscillations  of  the  carrier  or  27.5  jjs  after  the  start  of  the 
pulse.  Since  the  pulse  envelope  shaped  by  the  transmitter  has  a turning  point  that 
coincides  with  the  sampling  point,  the  latter  can  be  accurately  determined  in  the  re- 
ceiver by  differentiation  of  the  leading  edge  I#  2, 

The  accuracy  and  reliability  of  the  radiated  signals  have  to  meet  stringent  speci- 
fications; they  are  therefore  subjected  to  a control  centralized  in  the  M or  master 
ground  transmitter.  The  slave  transmitters  X,  Y and  Z receive  the  signals  from  M and 
correct  their  own  signals  accordingly. 

Ground  and  Airborne  equipment 

Two  transmitter  tj'pes  are  used  in  the  ground  stations  of  LORAN  C.  In  the  AN/ 
FPN-A4  model,  the  power  stage  has  a four- tube  push-pull  parallel  amplifier  with  water- 
cooled  triodes.  The  pulse  peak  power  is  400  kW,  in  the  sampling  point  100  kW.  Oil- 
impregnated  paper-mica  capacitors  are  employed  to  achieve  the  high  transmitter  power 
output.  The  transmitter  antenna  is  about  190  m high. 

The  AN/FPN-45  transmitter  has  a pulse  peak  power  of  3000  kW,  in  the  sampling  point 
750  kW.  It  works  into  a 410  m high  antenna  2. 

Of  course  a system  offering  the  user  such  excellent  position  data  cause  for  so- 
phisticated receivers  in  order  to  exploit  all  possibilities.  True  LORAN  C position 
fixing  is  also  feasible  with  small  and  even  portable  receivers;  for  full  evaluation  of 
the  signals,  however,  large-scale  receivers  are  required  that  are  best  combined  with 
navigation  computers.  The  latest  receivers  have  solid-state  stages  and  repeated  cir- 
cuits are  combined  into  modules  2,  15.  The  only  tubes  used  are  in  the  CRO  and  in  some 
switching  stages.  The  CRO  screen  of  the  display  unit  is  no  longer  used  to  continuous- 
ly adjust  and  check  pulses  as  in  LORAN  A;  rather,  the  display  unit  serves  as  a means 
to  check  the  functions  of  the  airborne  equipment  and  to  accurately  adjust  the  current 
gate  for  the  phase-difference  measurement.  All  large-scale  receivers  are  equipped 
with  tracking  and  tracing  circuits  so  that  even  the  navigator  of  a supersonic  air- 
craft is  continuously  supplied  with  optimum  position  data  in  an  automatic  process  re- 
quiring no  readjustment. 

The  LORAN  C system  is  somewhat  related  to  the  OMEGA  system.  Common  to  both  is 
the  hyperbolic  principle,  the  use  of  highly  stable  frequency  standards  in  the  ground 
transmitters,  and  the  phase  measuring  for  fine  position  fixing.  Therefore  the  problem 
has  been  investigated  if  it  were  possible  to  exploit  the  advantages  of  both  methods  by 
a single,  integrated  receiver.  Although  separate  antennas,  filters,  and  amplifiers 
would  have  to  be  used,  many  units  in  the  analytical  stages  could  be  Integrated.  So 
far  these  efforts  have  only  resulted  in  trial  models  Modern  LORAN  A receivers  can 
also  receive  LORAN  C signals,  but  make  use  only  of  the  coarse  position  signals. 

Range  and  Accuracy 

The  mean  range  of  the  gi'ound  wave  is  2000  nm  over  sea  and  1200  over  land.  The 
accuracy  (mean  error-circle  radius)  depends  on  the  chain  configuration  and  the  inter- 
section angle  of  the  hyperbolas  at  the  point  of  observation.  It  is  also  affected  by 
the  noise  level.  At  a distance  of  about  300  nm  from  the  M transmitter,  the  accuracy 
is  250  nm  and  at  a distance  of  800  nm  about  1500  nm.  Detailed  data  on  .’ange  and 
accuracy  have  been  compiled  elsewhere  . 

The  advantages  of  LORAN  C are  somewhat  narrowed  down  by  natural  and  man-made 
noise.  Since  the  position  signals  are  also  available  to  military  users,  the  effects 
of  jamming  stations  have  to  be  taken  into  consideration.  Large-scale  receivers  con- 
tain various  bandstop  filters  for  any  type  of  noise  and  narrow-band  tracking  servos 
in  combination  with  the  sampling  error  detectors. 

In  European  space,  for  instance,  the  receiving  conditions  are  rather  unfavour- 
able where  numerous  powerful  transmitters  operate  near  or  in  the  frequency  band  of 
LORAN  C (example:  Decca).  In  effect  these  disturbing  transmitters  are  equivalent  to 
an  additional  noise  of  about  20  to  30  db,  thus  reducing  the  useful  range  of  the  LORAN 
C ground  transmitters.  The  signal  of  the  M ground  transmitter  Faroer,  for  instance 
(northern  European  chain,  SL-3 , 400  kW)  provides  a reliable  range  of  1100  nm  over  the 
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Atlantic;  the  b«b«  signal  is  diffic^t  to  receive  at  a distance  of  only  630  nm  in  the 
noise  environaent  of  South  England 
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I.  VOR 
ouEunary 

VOR  (VHP  Omnidirectional  Radio  Range)  is  a radio  aid  for  aircraft  guidance.  It 
is  an  omnidirectional  radio  beacon  providing  the  angle  between  aircraft  and  North, 
seen  from  the  ground  station.  The  VOR  ground  station  radiates  an  azimuth-dependent 
signal  that  is  analyzed  as  the  bearing  information  by  the  aircraft  receiver.  The 
pilot  guides  the  aircraft  along  the  course  selected  with  the  aid  of  constant  azimuth 
indication.  The  range  is  of  the  order  of  100  to  150  nm. 


1.  Introduction 

VOR  (VHP  Omnidirectional  Radio  Range)  is  a radio  aid  for  aircraft  guidance  intro- 
duced on  a world-wide  scalel9.  It  is  an  omnidirectional  radio  beacon  providing  the 
angle  between  aircraft  and  North,  seen  from  the  ground  station,  as  the  azimuth  in- 
formation. The  present  network  is  determined  by  a number  of  VOR  ground  stations 
located  along  the  airways.  The  pilot  guides  the  aircraft  along  the  course  selected 
with  the  aid  of  constant  azimuth  indication.  This  course  runs  either  to  or  from  a 
ground  station.  Whenever  any  change  of  course  is  necessary  because  of  the  airway 
configuration,  this  is  generally  performed  when  the  aircraft  flies  over  a VOR  ground 
station. 

The  number  of  ground  stations  is  determined  by  their  ranges  and  the  requirement 
that  a ground  station  will  be  installed  at  every  bend  or  branching  point  of  an  airway. 
The  range  is  limited  by  the  quasi-optlcal  propagation  conditions  of  VHP  (metric  waves) 
which  confine  the  application  of  the  VOR  method  to  .short-range  and  medium-rbnge 
aviation.  The  range  is  of  the  order  of  100  to  150  nm. 

The  combination  of  VOR  with  DME  or  TACAN,  providing  distance  measurements,  is  an 
important  prerequisite  for  area  navigation,  i.e.  for  the  possibility  of  flying  any 
course  in  the  area. 


2.  Principles 

On  principle  the  VOR  ground  station  radiates  an  azimuth-dependent  signal  that  is 
analyzed  as  the  bearing  information  by  the  aircraft  receiver.  The  azimuth-dependent 
signal  consists  of  a 30  Hz  frequency  phase-shifted  to  a reference  signal  in  proportion 
to  the  azimuth  angle.  The  azimuth-dependent  signal  is  generated  by  rotation  of  a 
figure-of-eight  radiation  pattern  at  VHP  (e.g.  rotation  of  a dipole)  at  the  speed  of 
30  revolutions  per  second  (rps).  This  pattern  is  superposed  on  the  omnidirectional 
radiated  carrier  in  the  frequency  rarige  108-118  MHz,  which  results  in  an  amplitude 
modulation  (AM)  of  the  carrier  with  30  Hz.  For  proper  analysis  of  the  azimuth  in- 
formation in  the  airborne  receiver,  the  ground  station  additionally  transmits  a 
reference  frequency  of  30  Hz.  This  reference  signal  is  used  for  the  frequency  modu- 
lation (PM)  of  a sub-carrier  of  9960  Hz  having  a frequency  swing  of  +480  Hz.  The  sub- 
carrier is  also  employed  to  modulate  the  said  VHP  carrier,  again  by  TCM.  Through  the 
use  of  FM  and  AM  the  azimuth-dependent  signal  and  the  reference  signal  are  well  de- 
coupled, although  both  have  30  Hz;  their  phase  shift  is  analyzed  in  the  airborne 
receivers  and  provides  the  azimuth  because  the  in-phase  condition  is  adjusted  in  the 
North  direction  between  the  azimuth-dependent  and  the  reference  signals.  Moreover, 
the  carrier  is  amplitude-modulated  with  voice  frequencies  or  speech  (300-3000  Hz)  and 
with  the  identity  (1020  Hz).  Fig.  1 shows  the  frequency  spectrum. 
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Fig.  1 VOR  frequency  spectrum 
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3.  Operation  Principle 

The  azimuth-dependent  VOR  signal  is  generated  by  rotating  a figure-of-eight 
radiation  pattern  at  a speed  of  30  rps.  The  radiation  of  the  rotating  pattern  is 
imposed  on  the  simultaneously  radiated  carrier  frequency;  the  latter  is  thus  amplitude- 
modulated  with  30  Hz  and  an  azimuth-dependent  phase  angle  in  such  a way  that  a change 
in  azimuth  corresponds  to  a proportional  change  of  the  electrical  phase  angle. 

Practical  structures  for  the  generation  of  the  rotating  directional  pattern  so 
far  provide  a physical  rotation  of  a dipole  or  a goniometer.  In  the  former  case,  the 
rotating  dipole  is  fed  with  the  unmodulated  carrier  energy.  In  the  goniometer  case, 
fixed  antennas  radiate  the  power  while  the  goniometer  rotates  with  the  speed  of  30  rps. 
It  is  fed  with  the  unmodulated  carrier  energy,  and  supplies  amplitude-modulated  30  Hz 
signals  with  suppressed  carrier  to  two  separate  outputs.  The  envelopes  correspond  to 
the  sine  and  the  cosine  of  30  Hz  (phase  shift  90°). 

Feasible  is  also  an  electronic  solution  without  physical  rotation  based  on  the 
goniometer  principle;  in  the  following,  only  thia  solution  will  be  considered. 

The  goniometer  outputs  are  connected  to  two  separate  antennas,  e.g.  crossed 
dipoles,  or  to  two  pairs  of  loop  antennas  mounted  at  an  angle  of  90°  in  respect  to 
one  another  where  each  sets  up  a figure-of-eight  pattern  (Fig.  2).  Pattern  1 is 
associated  with  the  first  goniometer  output,  pattern  2 with  the  second. 

« 


Fig.  2 Antenna  patterns  in  the  horizontal  plane 


The  airborne  antenna  provides  the  receiving  voltage 

Vpj  ■ Ug  (cos  ^ sinwtcosnt  + sln^  coswt  cosQt ) 

» Ug  • sin(u)t  + ^t)  • cosQ 

where  = angular  frequency  of  the  carrier 
u)  = 2ti  X 30  Hz 

Ue  » peak  value  of  the  receiving  voltage 

This  equation  indicates  that  the  phase  angle  of  the  30-Hz-frequency  equals  the 
angle  of  azimuth  ^ . 

Modulation  in  an  electronic  goniometer  presents  difficulties  because  electronic 
modulators  meeting  stringent  specifications  in  respect  of  stability  and  linearity^ 
have  to  be  used.  Here  a special  approach  is  being  offered  by  STANDARD  ELEKTRIK 
LORENZ  AG  (SEL)  Inasmuch  as  the  modulation  problem  is  separated  from  output  power 
generation.  Modulation  is  thus  obtained  at  a low  level  with  good  stability  and 
linearity.  Fig.  3 shows  the  block  diagram  of  this  electronic  goniometer. 


* > .•  I 
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Fig.  3 Block  diagram  of  the  electronic  goniometer 
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The  input  voltage  « Ug  cos  Q t is  applied  to  the  modulator  Mi  directly  and  to  the 
modulator  M2  through  a quarter-wave  cable  providing  a phase  shift  of  90“ . The  modu- 
lating voltages  are: 


“1  = Offl  “2  = 0-  sinut 


Unj  is  the  peak  value  of  the 


modulating  voltage. 

Thus  the  following  modulator  output  voltages  are  obtained: 

U-^  - Ufl  cos  wt  cosOt;  U2  « Ug  sin  lj  t sin  0 t Ug  is  the  peak  value  of  the 

modulator  output  voltage. 

These  voltages  are  transformed  into  unmodulated  signals,  namely,  the  upper  and 
the  lower  sideband,  in  a bridge  circuit.  The  brid£"?  forms  their  sum  and  difference 
and  thus  generates  the  lower  and  upper  sideband  frequencies,  respectively. 

t/i  + L/'  = Ug  cos  ( Q - u)  )t;  Ui  - U2  = ( 0 + m )t 

These  two  sideband  voltages  feed  two  power  amplifiers  from  which  the  required 
goniometer  output  power  is  obtained. 

The  amplifier  output  voltages  L,  and  tA  are  transformed  into  the  goniometer 
output  voltages  with  the  aid  of  another  briage  circuit: 

/^ai  “ cosut  cosQt;  U^2  ”UA  sin  w t cosQt  peak  value  of  the 

goniometer  output  voltage. 


h.  The  VOR  Ground  Station 

Here  the  VOR-S  ground  station  by  SEL  will  be  described  as  an  example.  The 
transmitter  is  accommodated  in  a small  shelter,  the  roof  of  which  is  both  an  electrical 
counterpoise  and  a supporting  structure  for  the  antenna  array  surrounded  by  a plastic 
cylinder  for  all-weather  protection.  The  omnidirectional  radiator  with  quadruple 
feeding  and  the  crossed  dipoles  are  all  mounted  on  a plastic  support  plate.  The  four 
feeders  of  the  omnidirectional  radiator  between  the  periphery  and  the  centre  point 
do  both  the  balancing  and  transforming  so  that  their  parallel  connection  results  in 
the  desired  impedance  (50Q).  A polarization  cage  topped  by  a cage-like  extension 
under  the  plastic  cylinder  compensate  for  the  vertical-polarization  components  of  the 
crossed  dipoles.  There  is  another  design  of  the  antenna  array  where  the  radiator 
plate  complete  with  polarization  cage  is  topped  by  a second  plate-cage  combination 
that  in  turn  is  topped  by  the  said  extension  for  termination.  This  two-element 
antenna  provides  a field  strength  increased  by  ^ db  under  low  elevation  angles,  which 
increases  the  effective  range. 

Fig.  h is  the  block  diagram  of  the  VOR-53  ground  station.  The  transmitter  com- 
prises an  exciter,  a carrier  transmitter,  and  an  electronic  goniometer.  The  modulator 
supplies  the  voltage  to  amplitude-modulate  the  carrier. 


Fig.  4 VOR-S  ground 
station;  block  diagram 


?ro  V AC 
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Speech,  identity,  and  the  9960-Hz  subcarrier  voltages  are  summed.  The  subcarrier 
contains  the  30-Hz  reference  signal  as  FM.  The  main  switch  of  the  station  is  operated 
by  a control  logic  that  causes  switching  to  the  OFF  state  or  to  stand-by  operation 
whenever  an  alarm  is  given  by  the  monitor  or  the  transmitter. 

The  monitor  of  the  YDR-S  station  ensures  that  the  radiated  VOR  signal  complies 
with  ICAO  specifications^^.  Otherwise  it  gives  alarm  resulting  in  the  said  switching 
process  by  automatic  means.  A field  detector  located  in  the  field  of  radiation  detects 
the  radiated  signal,  demodulates  it,  and  feeds  it  to  the  monitor. 


5.  The  Airborne  Receiver 

The  airborne  receiver  picks  up  the  signal  of  that  ground  station  to  which  its 
channel  selector  (Fig.  5)  was  adjusted.  After  one  or  more  frequency  conversions  and 
IF  amplification  with  AGC,  the  VOR  signal  is  demodulated. 


r-f.'.TT  1 
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Fig.  5 VOR  airborne  receiver,  basic  layout 

The  composite  signal  is  separated  by  means  of  filters  into  separate  channels:  the 

azimuth-dependent  30-Hz  signal;  the  9960-Hz  subcarrier  modulated  with  the  30-Hz 
reference  signal;  the  station  identity  and  speech.  The  9960-Hz  subcarrier  passes 
through  limiters  to  a frequency  discriminator  supplying  the  30-Hz  reference  signal. 
Both  30-Hz  signals  feed  a phase  bridge,  the  one  being  directly  applied  while  the 
other  one  first  passes  through  the  course  selector. 

By  its  electrical  function,  the  course  selector  is  a phase  shifter  permitting 
adjustment  of  any  value  between  0°  and  360°.  Here  the  selected  course  is  adjusted, 
that  is,  an  azimuth  difference  against  North,  which  corresponds  to  an  equivalent 
phase-angle  difference  between  the  two  frequencies  of  30  Hz. 

The  two  phase-bridge  outputs  have  a zero  voltage  difference  in  balanced  state 
and  are  connected  to  the  so-called  cross-pointer  instrvunent  with  a full-scale  de- 
flection of  +10°.  The  phase  bridge  is  balanced  and  the  needle  of  the  cross  pointer 
is  in  its  central  position  whenever  the  phase  difference  of  the  input  voltages  amounts 
to  either  0°  or  180°.  (This  descrintion  disregards  a possibly  necessary  additional 
90°  phase  shift  of  the  input  voltage  for  the  purpose  of  bridge  alignment.)  Should 
the  aircraft  deviate  from  the  selected  course  adjusted  on  the  course  selector,  then 
the  cross  pointer  would  Indicate  a proportional  deflection.  When  flying  over  a ground 
station,  the  phase  difference  of  the  30  Hz  will  change  by  180O;  the  phase  bridge 
therefore  remains  in  the  aligned  state. 

A "to-from"  indicator  (Fig.  5)  shows  the  pilot  whether  the  azimuth  is  the  bearing 
from  the  ground  station  to  the  aircraft  or  from  the  latter  to  the  ground  station. 
Contrary  io a self-contained  direction  finder,  VOR  direction  finding  is  independent  of 
the  aircraft  heading  (the  longitudinal  aircraft  axis).  For  this  reason,  the  to-from 
reading  will  correspond  to  the  heading  only  whenever  the  latter  coincides  with  the 
azimuth  adjusted  on  the  course  selector.  The  to-from  indicator  operates  on  the  same 
basis  as  the  above  described  phase  bridge  with  cross  pointer,  although  it  is  much 
simpler  because  it  gives  only  one  qualitative  information.  Its  main  feature  is  the 
additional  phase  shift  by  90°  of  the  two  feeding  30-Hz  voltages.  When  the  aircraft 
flies  over  a ground  station,  the  sign  of  this  90°  shift  will  change  and  the  indicator 
will  thus  change  from  indicating  "to"  to  indicating  "from"  the  ground  station. 
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6.  System  Accuracy 

The  errors  affecting  the  VOR  method  are  Intrinsic  errors  of  the  ground  station; 
the  site  error  introduced  by  the  surrounding  terrain;  the  intrinsic  error  of  the 
airborne  station;  and  the  pilot'!  errors.  The  intrinsic  error  of  the  ground  station 
is  relatively  small,  about  i°.  Significant  is  the  site  error  by  obstacles  reflecting 
the  radiation.  The  receiver  will  then  receive  the  obstacle  azimuth  dn  addition  to 
the  correct  azimuth.  Vectorial  addition  results  in  an  error,  the  magnitude  of  which 
is  dependent  of  the  amount  of  radiation  reflected,  the  RF  difference  between  the 
phases  of  direct  and  reflected  wave,  and  the  difference  between  receiver  and  obstacle 
azimuth. 


II.  Doppler  VOR 
Summary 

The  designation  Doppler  VOR  (DVOR)  indicates  its  close  relationship  to  the 
conventional  VOR;  the  signals  radiated  by  both,  VOR  and  Doppler  VOR  ground  stations, 
are  compatible  and  can  be  processed  by  normal  VOR  receivers.  Doppler  VOR  has  an  over- 
riding advantage  over  VOR:  a substantia?,  reduction  of  the  site  error. 


1.  Introduction 

The  designation  Doppler  VOR  Indicates  its  close  relationship  to  the  conventional 
VOR;  the  signals  radiated  by  both  VOR  and  Doppler  VOR  ground  stations  are  compatible 
and  can  be  processed  by  normal  VOR  receivers. 

Although  a Doppler  VOR  ground  station  is  more  sophisticated  and  its  cost  there- 
fore higher,  it  has  an  overriding  advantage  over  VOR:  a substantial  reduction  of  the 
site  error.  Generally  Doppler  VOR  is  still  useful  in  a terrain  abunding  in  obstacles 
where  VOR  would  be  useless  because  of  the  high  site  error. 


2.  Principle 

The  functions  of  the  two  30-Hz  frequencies  in  VOR  are  reversed  in  Doppler  VOR 
(DVOR):  that  amplitude  modulating  the  VHF  carrier  is  the  reference  signal  and  that 
dependent  on  azimuth  is  contained  in  the  9960-Hz  subcarrier. 

The  most  Important  feature  of  DVOR  is  the  generation  of  this  subcarrier, 
frequency-modulated  with  the  30-Hz  frequency  at  a phase  relationship  depending  on 
the  azimuth.  The  frequency  modulation  is  achieved  through  the  doppler  effect.  The 
principle  of  DVOR  can  be  explained  with  reference  to  Fig.  6. 
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Fig.  6 Schematic  presentation  of  DVOR  principle 

The  central  antenna  Aq  radiates  the  omnidirectional  carrier  that  is  amplitude- 
modulated  with  the  30-Hz  reference  signal.  Installed  at  a distance  R from  this  carrier 
antenna  is  the  sideband  radiator  that  should  be  imagined  as  rotating  around  Ao 
on  a circle  having  the  R radius. 

The  A-|  sideband  frequency  is  offset  against  the  carrier  frequency  by  +9960  or 
-9960  Hz.  If  now  the  A-|  antenna  is  rotated  at  the  speed  of  30  revolutions  per  stcond 
(rps),  the  subcarrier  is  azimuth-dependent  frequency  modulated  because  of  the  doppler 
effect.  The  frequency  swing  is 

AF  « F • — where  F = carrier  frequency,  approximate  sideband 

frequency 

c = velocity  of  light 
u)  = 2ti  X 30  Hz 
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In  the  frequency  range  between  108  MHz  and  118  MHz,  ICAO  requires  a frequency 
swing  of  +^80  Hz^^.  This  calls  for  a circle  diameter  R 6.5  to  7.1  m. 

Fig.  6 also  shows  the  variation  of  the  sideband  frequency  as  a function  of  time 
when  received  in  the  far  field.  This  sideband  frequency  is  frequency-modulated  by  the 
motion  of  the  sideband  radiator  A^ . Assuming  two  positions  E<|  and  Ep  of  airborne 
receivers  and  designating  by  A f the  deviation  between  the  transmitted  and  the  received 
sideband,  we  obtain 

[Af]^  : AF-coslof  [Af]p  - AF-Sinu)f 

E,  E2 

This  shows  that  the  azimuth  difference  of  90°  between  E-)  and  E£  in  Fig.  6 is 
identical  to  the  phase  difference  between  the  two  frequencies  of  30  Hz  appearing  as 
sideband  FM  at  both  receiver  positions.  Moreover  it  is  generally  true  for  DVOR  Just 
as  for  VOR  that  the  electrical  phase  difference  exactly  corresponds  to  the  azimuth 
difference  of  the  re'-elver  positions. 


3.  Operation 

The  above  assumed  physical  rotation  of  the  sideband  antenna  along  the  specified 
circle  is  actually  impossible  because  the  antenna  would  have  to  have  four  times  the 
speed  of  sound.  Therefore,  this  rotation  is  simulated  by  electronic  means.  For  this 
purpose,  a number  of  fixed  antennas  are  mounted  on  a circle  and  fed  in  a sequence 
and  at  a rate  that  simulates  rotation  of  the  sideband  radiation.  In  order  to  also 
simulate  the  continuity  of  the  rotation,  the  radiation  amplitudes  of  neighbouring 
antennas  are  made  to  overlap  as  shown  in  Fig.  7. 
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Fig.  7 Radiation  amplitudes  of  No.  1,  2,  3 antennas  simulating  the 

rotation 

So  far  this  description  referred  to  the  operation  sketched  in  Fig.  6,  namely, 
simulation  of  the  lotation  of  only  one  sideband.  In  order  to  obtain  from  DVOR  the 
VOR  spectrum  shown  in  Fig.  1 the  other  sideband  has  to  be  implemented.  This  is 
achieved  by  feeding  the  instantaneously  opposite  antenna  on  the  circle  with  the 
second  sideband,  and  by  adopting  the  same  feeding  sequence  and  continuity  provision 
for  all  antennas.  In  other  words:  the  two  sidebands  thus  set  up  are  always  in  line 

with  the  carrier  radiator  in  their  centre  and  at  an  unvarying  distance.  The  two 
sidebands  consisting  of  frequencies  differing  from  the  carrier  by  +9960  and  -9960  Hz, 
respectively,  are  combined  in  the  far  field  at  proper  phase  resulting  in  the  carrier 
amplitude-modulated  with  the  9960-Hz  subcarrier.  A prerequisite  is  the  provision 
of  proper  level  and  phase  relationships  between  carrier  aiid  sidebands  in  the  ground 
station. 

The  methods  employing  two  sidebands  are  known  as  double- sideband  (DSB)  methods^^. 
The  DVOR  spectrum  employing  DSB  exactly  corresponds  to  the  VOR  spectrum,  but  is 
characterized  by  higher  implementation  costs  and  difficulties. 

A variant  of  the  DSB  method  is  the  single-sideband  (SSB)  method.  It  is 
characterized  by  minimal  cost,  but  has  no  VOR- compatible  spectrum  and  substantial 
system  shortcomings.  The  use  of  only  one  sideband  entails  the  following  potential 
errors : 

Rotation  of  the  sideband  results  in  an  additional  carrier  modulation  so  that 
the  reference  signal  (30  Hz  AM)  contains  a phase  error.  The  disturbing  modu- 
lation is  brought  about  by  parasitic  carrier  radiation  from  the  instantaneously 
radiating  sideband  antenna. 

Additional  errors  depending  on  the  design  of  the  airborne  receiver  type  are 
introduced  by  the  subcarrier  having  only  one  sideband  and  being  additionally 
modulated  in  its  amplitude  by  30  Hz  through  the  simulated  30-rps  rotation. 

This  results  in  cross  modulation  in  the  demodulator  and  generates  together  with 
other  non-ideal  receiver  properties  the  errors. 

Another  variant  is  the  alternating- sideband  (ASB)  method.  This  solution  avoids 
high  expenditure  and  realization  problems  by  moderate  sophistication  and  provides  all 
the  advantages  of  the  DSB  method.  The  ASB  method^'  has  been  developed  by  Standard 
Elektrlk  Lorenz  AG  (SEL)  and  introduced  world-wide  with  outstanding  results.  It 
employs  both  sidebands  and  results  from  DSB  by  eliminating  every  other  sideband 
antenna  in  such  a way  that  the  resulting  halved  number  of  sideband  antennas  is  an 
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odd  number.  It  can  be  showii-^^  that  the  simulated  rotation  of  the  sideband  radiation 
Is  equivalent  to  that  In  DSB  although  the  transition  from  one  antenna  to  the  next 
does  not  Involve  the  adjacent  antenna  radiating  the  same  sideband,  but  the  opposite 
antenna  displaced  one  half  division  that  radiates  the  other  sideband.  The  ASB  method 
permits  satisfactory  decoupling  of  the  sideband  antennas  and  Is  particularly  suitable 
for  electronic  commutation. 


4.  The  DVOR  Ground  Station 

This  section  contains  a description  of  the  DVOR-S  ground  station  by  SEL. 
Employed  Is  the  ASB  method.  The  construction  Is  of  the  same  kind  as  used  for  VOR-S. 
The  tran 'n>itter  equipment  complete  with  the  electronic  ant«inna  switching  unit 
(commutator)  Is  Installed  In  a small  shelter.  The  39  sideband  antennas  as  well  as 
the  carrier  antenna  In  their  centre  point  are  all  moimted  on  a counterpoise  meshing 
arranged  above  the  shelter.  The  counterpoise  Is  30  to  40  m In  diameter  and  Is 
generally  mounted  at  a height  of  3 to  10  m above  grcund.  Because  of  the  wide  base 
of  the  antenna  array,  the  monitoring  dipole  Is  mounted  at  a distance  of  about  200  m 
from  this  antenna  arrangement.  pield 
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Fig.  8 Block  diagram  of  the  DVOR-S  ground  station 

The  ground  station  (Fig.  8)  comprises  the  exciter,  carrier  transmitter,  and  side- 
band transmitter.  The  former  two  as  well  as  the  modulator,  monitor,  control  logic, 
power  supply,  and  main  switch  are  of  the  same  design  as  In  VOR-S.  In  the  DVOR-S  side- 
band transmitter,  the  +9960  Hz  sidebands  of  the  carrier  are  generated  and  amplltude- 
modu+ated  to  almost  10^  In  the  power  stages  as  timed  by  the  antenna-swltchlng 
frequency.  The  sideband  generation  is  done  by  the  same  principle  as  in  the  VOR-S 
goniometer  (by  elimination  of  the  second  bridge  circuit  and  by  the  use  of  9960  Hz 
Instead  of  30  Hz  modulating  frequency).  The  envelopes  are  mutually  shifted  by  one 
half  of  a cycle.  The  antenna  switching  unit  takes  care  of  the  cyclic  switching  from 
antenna  to  antenna,  each  time  in  the  voltage  minimum.  At  the  same  time  the  about 
opposite  antenna  has  its  voltage  maximum.  Good  decoupling  is  provided  by  the  fact 
that  only  opposite  and  not  adjacent  antennas  radiate  at  the  same  time;  this  decoupling 
is  an ‘important  prerequisite  for  optimum  suppression  of  parasitic  radiation. 


5.  System  Accuracy 

The  wide  antenna  base  and  the  insensitive  FM  transmission  of  the  azimuth-dependent 
signal  constitute  the  substantial  improvements  of  DVOR  against  VOR.  A diagram 
published  elsewhere^  indicates  the  theoretical  azimuth  error  due  to  reflection  by  an 
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obstacle  vs.  angular  difference  between  receiver  azimuth  and  obstacle  azimuth  for 
''oth  the  VOR  and  the  DVOR  methods.  It  shows  that 

the  error  maxima  of  DVOR  are  by  about  one  order  of  magnitude  less  than  that 
of  VOR, 

the  DVOR  error  Is  greatest  when  the  angular  difference  between  receiver  azimuth 
and  obstacle  azimuth  Is  least  ^lle  the  VOR  error  Is  greatest  when  the  said 
angular  difference  Is  90°. 

The  difference  In  the  quality  of  course  Indication  by  VOR  and  DVOR  Is  best 
Illustrated  by  the  records  obtained  from  both  systems  over  the  same  flying  route. 

An  example  Is  shown  In  Fig.  9.  In  most  cases  the  system  error  of  the  DVOR  is  loss 
than  1®  even  If  the  site  error  Is  Involved. 


• A « I-  4 4 


^ 


Fig.  9 Course  Indications  for  VOR  and  DVOR  at  the  same  route  (Salzburg 
ground  station) 
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by 
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Summary 

Of  various  radio  distance  measuring  methods  principally  possible  only  the  ICAO- 
standardlzed  DME  (distance  measuring  equipment)  is  being  employed  in  aviation.  This 
equipment  features  round  trip  time  measurement  between  interrogation  pulses  transmitted 
by  airborne  equipment,  and  reply  pulses  transmitted  by  a ground  transponder.  This  trans- 
ponder transmits  a reply  50  /Us  after  each  reception  of  an  Interrogation.  A search  and 
track  system  in  the  airborne'^  equipment  discriminates  own  replies  from  replies  to  other 
aircraft.  Every  ground  station  is  capable  to  serve  100  airborne  equipments. 


1.  Introduction 


The  distance-measuring  methods  e.npioylng  electromagnetic  waves  make  use  of  the 
velocity  of  light  e;  tlie  path  o covered  by  a light  or  radio  signal  can  be  determined,  if 
the  transit  time  t Is  known, 'from  the  formula  ^ = c x t . 

There  are  round-trip  and  one-way  distance  measuring  systems.  The  round-trip  systems 
operate  with  responding  transmitters  (or  with  passive  reflectors  as  in  the  case  of  radar 
or  radio  altimeters).  The  responding  transmitter  will  retransmit  the  received  signal 
with  an  exactly  defined  delay  (Fig.  1).  In  the  case  of  one-way  distance-measuring 
systems,  identical  and  extremely  accurate  time  standards  are  used  in  both  the  transmitter 
find  the  receiver  locations  (Fig.  3). 

At  present,  the  round-trip  method  is  the  only  one  used  although  the  one-way  method 
is  more  desirable  for  navigation  because  the  number  of  users  served  is  infinite.  Just  as 
in  the  ease  of  radio  beacons  for  azimuth  measurements.  The  reason  for  preference  of  the 
round-trip  method  is  the  high  cost  for  sufficiently  stable  time  standards  that  are  in- 
dispensable for  one-way  operation.  Lately,  however,  methods  virtually  constituting  a 
mixture  of  one-way  and  round-trip  methods  have  been  developed  for  collision-avoiding  sy- 
stems (CAS).  Here  reasonably  priced  crystal-controlled  oscillators  are  re -synchronized 
by  round-trip  measurements  after  relatively  large  intervals  and  may  thus  be  used  during 
such  intervals  as  sufficiently  accurate  time  standards  for  one-way  measurements. 


Furthermore,  distance-measuring  systems  may  employ  either  the  pulse  method  or  the 
continuous-wave  or  CW  method;  the  latter  is  illustrated  in  Fig.  2.  The  CW  methods  where 
single-tone  or  multi-tone  modulation  is  employed,  are  widely  used  for  mapping  (geodatic) 
while  they  are  still  in  the  planning  stage  for  navigation  systems  involving  satellites. 

TriAiNoPONDEa  DIIEHHOCATOR 




to  /,  I,  ft  Ij  ’ 

Fig.  1 Round-trip  distance  measurement  by  pulses 


Therefore,  the  tone-modulation  systems  will  not  be  described  here. 


To  serve  a substantial  number  of  users  with  distance  data,  a special  control  is  re- 
quired involving  either  time  or  frequency  division  multiplex  equipment.  Therefore,  a 
pulse  method  has  widely  been  adopted  for  short  and  medium-distance  navigation  in  aviation. 
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Its  underlying  principle  that  has  also  been  recommended  for  future  landing  systems^^  will 
be  described  in  the  next  section. 


2.  Distance  Measuring  Equipment  (DME) 

DME  was  Introduced  in  1959  and  is  now  an  internationally  standardized  distance- 
measuring equipment.  It  is  usually  operated  in  combination  with  the  VOR  azimuth-measur- 
ing system,  but  is  also  to  be  used  in  future  instrument-landing  systems  (ILS).  The  ba- 
lance of  this  section  is  a summary  of  international  specifications^  applying  to  DME: 


I 


Overview 

The  DME  shall  provide  for  continuous  and  accurate  indication  in  the  cockpit  of  the 
slant  range  distance  to  a ground  station.  The  complete  system  shall  comprise  the  air- 
borne Interrogator  and  the  replying  ground  station  or  transponder. 

SIGNALS  MODULATED  WITH  ONE  TONE  FREQUENCY  ONLY 

, (KflDUUTlNO  FhiUt’ENClf ) 
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Fig.  2 Round-trip  CW  distance  measuring  system  with  tone 
modulation  (block  diagram  similar  to  Pig.  1 ) 
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5 One-way  distance  measuring  with  pulset 


The  di;;tance  error  within  the  whole  coverage  area  shall  not  exceed  + 0>5  nm  or 
i 3 5^  of  the  di.-.tance,  whichever  measured  valtje  1 ::  greater. 

Properties 

The  system  will  be  useful  to  measure  the  slant  distance  up  to  20  nm  beyond  the 
radio  horizon.  It  will  be  operated  In  the  frequency  band  of  96O  to  1215  MHz.  The  fre- 
quency spacing  between  interrogation  and  re5;ponse  will  be  - MHz.  The  allocation  of  fre- 
quencies to  the  various  channels  will  be  as  in  Table  1. 


439 


Table  1 Channel  distribution  for  VOR/DME 


Channel 

VOR  frequency^ 
in  MHz 

DME 

interrogator 
frequency*^ 
in  MHz 

DME 

transponder 
frequency*^ 
in  MHz 

X 

1 

• 

• 

PSC  12  /U8 
1025 

PSC  12  /us 
962  ' 

16 

• 

17 

108.00 

• 

59 

112!p0 

60 

• 

63 

• 

• 

1024 

64 

• 

• 

1151 

69 

• 

• 

70 

112.30 

• 

» 

126 

117!90 

1150 

1213 

Y 

1 

• 

PSC  36  /us 
1025 

PSC  30  Ais 
1088 

• 

16 

• 

• 

• 

17 

108.05 

• 

• 

59 

112!25 

• 

• 

60 

• 

• 

• 

• 

6^ 

• 

• 

1150 

64 

• 

• 

• 

1025 

• 

69 

• 

» 

• 

70 

112.35 

• 

• 

126 

117! 95 

1150 

IOP7 

Notes: 


a - channel  spacing  100  kHz 
b - channel  spacing  1 MHz 
PSC  - pulse-spacing  code  time 

The  channels  lY  through  16Y,  60  X,Y  through  69  X,Y,  7OY 
through  79Y,  and  124Y  through  126Y  must  not  be  used  if  their 
use  will  interfere  with  the  secondary-radar  systems  operating 
with  the  same  frequencies. 


The  statistically  distributed  pulse  pairs  transmitted  by  the  interrogator  and  the 
transponder  will  have  tiie  shape  and  spacing  sketched  in  Fig.  4,  The  spacing  between  the 
pulses  of  a pair  will  be  chosen  so  as  to  provide  unambiguous  discrimination  against 
other  services. 

•The  mean  repetition  frequency  of  the  interrogator  pulse  pairs  will  not  exceed  50 
per  second,  assuming  that  95  % of  the  total  time  will  be  covered  by  tracking  operation. 
If  the  .search  time  is  to  be  reduced,  it  .shall  be  possible  to  transmit  up  to  I50.  pulse 
pairs  per  second. 
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RISE  TIKE 
DECAY  TIKE 
PJDSC  D'JRATIPN 
PULSE  SPACIKO 


7.5  ps  nommol  (<  3ps  ) 
?,5  pi  oommol  l<  3pt ) 

3.5  ps  !0  5 PI 
12,30  pi 


PULSE  PAIRS 


1 

II 

II  II 

- — —I 

y . ( . REPETITICN  RATE  (AVERAOE) 

T {AVERAGE)  : froo  6.%  to  40  »■  for  olrbom*  oet 

T (AVERAOE)  370  pB  for  fp^und  stotion 

(with  'CO  Bircroft  ir; trrogBting) 


Flp;.  4 DFiF,  pulrie  format 


Capacity 

Each  re.'ipondlnp'  ground  station  (transponder)  shall  be  capable  of  serving  up  to  100 
aircraft  .simultaneously. 


3,  Operation  Principle 

The  summarized  presentation  of  the  preceding  section  will  now  be  investigated  in 
some  detail. 

Fig.  E Is  a block  diagram  of  the  interrogating  airborne  equipment  (the  interroga- 
tor) and  the  responding  ground  station  (transponder).  The  pulse  peak  power  Is  between 
50  and  2000  watts,  depending  on  the  type  of  set. 


) 
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Fig.  5 DKiE  block  diagram 

The  interrogating  pulses  are  received  by  the  selected  ground  station  and  re-trans- 
mitted to  the  aircraft  on  a frequency  spaced  from  the  interrogating  frequency  by  MHz 
after  a fixed  delay  of  50  /u:; , known  to  the  interrogator.  The  transmitter  power  of  the 
transponder  may  be  between  1 kilowatt  and  20  kilowatts. 

I 

In  the  airborne  equipment,  automatic  circuits  evaluate  the  delay  between  transmission  I 

of  an  Interrogator  pulse  pair  and  reception  of  a transponder  pulse  pair,  taking  account  I 

of  the  fixed  delay.  The  resulting  time  difference  is  converted  into  distance,  and  the  I 

distance  is  lnd‘"  *"ed  (Fig.  '^).  ( 

There  are  t-  re=son''  using  pulse  pairs.  In  the  first  place,  coding  of  the  | 

pulse  spacing  provj’  a le  means  of  identifying  the  channels  X and  Y,  see  Tables  1 j 

and  In  the  sec  pla  the  use  of  pulse  pairs  is  a protection  against  the  errone-  ; 

ous  evaluation  of  1,  -DME  system  single  pulses  as  generated,  for  instance,  by  radar  ’ 

equipment  in  the  L band. 

In  most  equipment  used  the  first  pulse  of  a pair  provides  coding  while  the  second  i 

serves  for  actual  distance  measuring.  In  new  developments,  however,  it  is  the  first  ■ 

pulse  of  an  associated  Interrogator  and  transponder  pair  that  is  employed  for  distance  j 

measuring  because  this  mode  will  substantially  reduce  reflection  errors. 

Each  ground  station  can  serve  simultaneously  5O-IOO  interrogating  aircraft.  Each 
airborne  interrogator  accepts  only  responses  to  its  own  interrogations.  This  is  achieved 
by  a statistically  varied  repetition  rate  of  the  interrogation  pulses  and  a special,  air- 
borne search  and  tracking  system.  « 

As  may  be  seen  from  Table  1,  a total  of  126  "X"  channels  is  available,  to  be  com-  I 

plemented  by  126  "Y"  channels.  The  channel  spacing  is  1 MHz,  each  channel  offering  a , 

bandwidth  of  about  3OO  kHz.'  * 

Airborne  Equipment 

A somewhat  refined  block  diagram  of  an  airborne  interrogating  unit  is  shown  in  Fig. 

6.  The  receive  and  transmit  frequencies  are  always  spaced  by  63  MHz;  therefore,  a common 
frequency  generator  may  be  used.  In  older  equipment,  the  frequencies  were  generated  by 
means  of  126  crystals;  now  the  126  frequencies  are  being  generated  by  a synthesizer 
using  one  crystal  in  combination  with  a voltage-controlled  oscillator  (VCO)  and  a fre- 


t-  quen  y divider. 

! A common  antenna  is  us.ed  for  tranr.mitti  t r and  receivinR.  A transmit  ^receive  switch 

i!  prevents  interference  upon  the  receiver  during  transmission. 

1 The  transponder  pul.-.e;;  received  in  the  aircraft  are  compared  with  the  interropaticrs. 

i.  However,  all  of  the  transponder  pulses  are  received,  about  JiOOO  pulses  per  second.  For 

this  reason,  the  airborne  DM1''  has  to  perform  two  important  functions,  namely,  filterinR- 
‘ out  of  the  wanted  responses  from  all  other  transponder  pulses  search  and  conversion  of 

I the  round-trip  time  into  a current  indication  of  the  distance  (tracking). 

* 


Fig.  6 Block  diagram  of  an  airborne  I)MK 

These  functions  can  be  Implemented  in  a number  of  ways;  all  of  them  are  based  on  the 
principle  shown  in  Fig.  7. 


Fig.  7 The  DME  search  process 

This  diagram  dlsplaysthe  replies  received  in  the  airborne  DIME  during  the  time  of 
six  sequential  interrogations.  The  time  slot  is  shifted  towards  longer  round-trip 
periods  during  this  time  and  is  stopped  if  80  5^  of  the  interrogations  result  in  replies 
during  the  time-slot  duration. 

The  characteristic  search  process  is  performed  as  follows:  For  each  interrogation 
pulse,  a time  slot  with  the  duration  of  about  20  /us  is  generated.  Only  a reply  pulse 
received  during  these  20  /us  will  be  processed.  Otherwise  the  time  slot  is  shifted  for 
each  new  interrogation  along  a time  scale  corresponding  to  tie  maximum  feasible  distance. 

Considering  a search  Interrogation  rate  of  l^O  per  second  and  a duration  of  20  /us  of  the 
time  slot  or  gate,  the  analyzing  circuit  is  ready  to  receive  for  only  0.3  % of  the  total 
time,  or  only  3 milliseconds  for  each  second. 

The  shifting  of  the  time  slot  stops  as  soon  as  a pulse  Incides  several  times  in 
succession  with  a certain  high  rate.  This  occurs  only  in  cases  of  replies  to  interro- 
gations of  the  associated  airborne  DME,  which  is  made  possible  by  the  statistical  I 

variation  in  time  01'  the  ground -statl on  pulse;-..  -j 

■j 

If  the  ground  station  transmits  3000  :;tati;;tically  dl;;tributed  pul;->e  pairs  per  -'1 

r;PCond,  nine  of  ther;e  pulses,  will  fall  into  the  time  ;;lot  in  every  second.  Whenever  the  . 

time  slot  has  arrived  at  a point  that  corresponds  to  the  correct  distance,  however,  then  ,l 

almost  30  pulses  will  fall  into  the  time-r.lot  period.  It  is  this  ratio  of  9 to  30,  i 

assuming  a :ihifting  r'ate  of  I8  km/:;,  that  form:;  the  criterion  causing  change-over  from  f| 

search  to  tracking  operation. 

■1 
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The  time  lipont  for  searching  proper  replies  by  shifting  the  time  slot,  should  be 
kept  as  short  as  possible.  Hence,  a pulse-repetition  rate  of  I50  per  second  is  employed 
during  the  search.  Depending  on  the  equipment  type  used,  the  whole  search  time  takes 
between  1 and  20  seconds. 

A shift  of  the  time  slot  at  a rate  of  I8  km's  means  tlmt  search  over  a range  of 
2400  /us,  which  corresponds  to  '560  km,  would  take  2o  seconds.  Advanced  systems,  however, 
reduce  this  search  time  to  only  1 second. 

When  the  proper  position  of  the  time  slot  has  been  found,  then  the  interrogation 
rate  is  reduced  to  a value  between  5 and  50  per  second. 

In  the  ensuing  tracking,  mode,  the  time  slot  of  20  /us  will  change  its  position  in 
synchronism  with  the  shift  of  the  replies  to  interrogations  of  the  associated  DI4E.  The 
generation  of  the  time  slot  is  accelerated  if  the  reply  pulses  fall  into  the  first  micro- 
seconds and  is  delayed  if  the  pulses  fall  into  the  last  microseconds  of  the  time  slot. 

The  ci'.ange  of  position  of  an  aircraft  during  the  time  between  two  interrogation  pulses 
is  very  small;  hence,  the  interrogation  rate  can  be  reduced  in  this  mode  without  any 
adverse  effect.  Generally  25  pulse  pairs  per  second  are  used;  however,  even  only  2 
pulses  per  s.econd  iiave  iieen  found  ::atisfactory  in  simulated  airspeeds  up  to  5400  km/h. 

Usually  the  time  s.lot  is  associated  with  a tracking  circuit  that  prevents  changing- 
over  to  s.earch  Just  i>ecause  respons.e  signals  were  lost  for  a short  time.  As  a result  of 
a signal  failure,  the  time  slot  will  thus  either  remain  stationary  for  10  sec  (static 
memory)  or  continue  to  be  shifted  with  the  last  tracking  rate  (dynamic  memory). 

The  slot  location,  that  is,  the  time  spacing  between  interrogation  pulse  and  slot, 
can  be  displayed  by  means  of  an  analog  voltage  feeding  a pointer  Instrument  in  very 
simple  units.  The  error  increases  in  proportion  to  the  full  deflection,  but  will  not 
exceed  tiie  5 % specified.  In  more  expensive  units,  tracking  servos  with  coarse/fine 
evaluation  are  employed  where  the  inher  t equipment  error  can  be  kept  below  I80  m 
regardless  of  the  distance;  in  these  units,  however,  the  system  accuracy  deteriorates 
beyond  tliC  specified  value  because  of  various  other  parameters. 

Ground  Station 

While  the  airborne  DME  should  accomodate  at  least  126  X channels  (to  be  supplement- 
ed by  126  Y channels  at  a later  date),  a ground  station  usually  operates  on  only  one 
channel.  For  this  reason,  the  ground -station  receiver  can  be  made  more  sensitive,  and 
its  associated  transmitter  more  powerful.  The  number  of  aircraft  that  can  be  served  at 
the  same  time  results  from  the  assumption  that,  on  the  average,  95  % of  all  aircraft 
will  be  in  the  tracking  mode  with  not  more  than  25  interrogations  per  second,and  5 % 
will  be  in  the  search  mode  with  max,  I50  interrogations  per  second.  To  serve  100  air- 
craft, the  ground  station  (the  transponder)  has  to  transmit  "^000  pulses  per  second. 
Although  its  pulse  peak  power  is  the  as  in  the  airborne  interrogator,  the  trans- 

ponder has  a higher  power  consumption  for  this  reason.  Most  transponders  operate  with 
a constant  mean  duty  cycle. 

As  long  as  no  interrogation  comes  in,  the  transponder  pulses  are  derived  from  re- 
ceiver noise  and  constitute  filling  pulses.  An  long  as  less  than  100  aircraft  interro- 
gate, the  transponder  radiates  a mixture  of  response  pulses  and  filling  pulses.  When 
100  aircraft  are  to  he  served,  then  the  transponder  provides  exclusively  reply  pulses. 

If  more  than  100  aircraft  Interrogate,  then  the  sensitivity  of  the  transponder  receiver 
is  reduced  to  a point  where  only  the  nearest  100  aircraft  can  be  served. 

The  constant  duty  cycle  mode  has  the  following  advantages; 

(1)  In  an  automatic  process,  the  transponder  is  operated  with  the  highest  receiver 

sensitivity  permissible  at  any  time,  the  number  of  reply  pulses  transmitted  being 

a readily  evaluated,  unambiguous  controlling  parameter, 

(2)  The  transponder  transmitter  cannot  be  overloaded, 

(5)  The  automatic  gain  control  in  the  airborne  DME  can  be  simplified, 

(4)  When  too  many  aircraft  interrogate,  service  is  withheld  from  the  most  remote  air- 
craft where  the  aircraft  operation  is  least  affected. 

To  arrive  at  the  simplest  possible,  reliable  circuits,  the  transponder  receiver  is 
turned  off  during  transmission.  Moreover,  the  sensitivity  of  this  receiver  is  reduced 
as  a consequence  of  powerful  interrogations  so  that  the  echoes  of  the  latter  cannot 
trigger  replies.  For  this  reason,  some  of  the  interrogations  are  always  lost.  Accord- 
ing to  estimates,  this  loss  amounts  to  about  20  %,  In  other  words:  for  every  25  inter- 
rogations, the  airborne  DME  (interrogator)  will  receive  only  20  responses  on  the  average. 
This  fact  is  taken  account  of  in  the  dimensioning  of  interrogator  circuits. 

The  delay  between  reception  of  an  interrogation  and  transmission  of  the  reply  is 
fixed  to  50  /us.  This  delay  is  permitted  to  ’’ary  by  + 0,5  /us,  which  corresponds  to 
0,04  nautical  miles  (nm).  However,  the  resulting  error  is  small  compared  with  the  ICAO- 
speclfled  permissible  system  error  of  max,  0,5  nm  or  5 5*  of  the  distance,  whichever 
value  is  greater.  When  analyzed  in  the  interrogator,  the  50  /us  are,  of  course,  excluded 
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from  the  time-to-dl.stance  converiilon. 

Under  control  of  an  external  generator,  each  transponder  transmits  Its  Identifica- 
tion code  or  Identity  which  Is  usually  the  same  as  that  of  the  associated  VOR  ground 
station.  The  Identity  is  transmitted  every  57  sec  for  the  duration  of  about  J sec. 

For  this  duration,  the  statistically  distributed  transpondei-  pulses  are  substituted  by 
equally  spaced  pulses  with  a repetition  rate  of  1350  per  second.  In  the  interrogator, 
these  pulses  excite  a ringing  circuit  tuned  to  the  frequency  of  1350  Hz.  The  identity 
pulses  are  modulated  by  a three-letter  Morse  code  in  compliance  with  international 
specifications.  During  the  transmission  of  the  ground -station  identity,  the  memory  in 
the  airborne  DME,  described  above,  becomes  effective. 


4.  Development  Trends 

Further  development  of  the  DME  system  is  characterized  by  the  following  trends: 
increase  of  measuring  accuracy;  increase  of  the  number  of  users;  and  improvement  of 
reliability  and  economy  through  exclusive  use  of  solid  state  devices. 

Increase  of  Measuring  Accuracy 

The  distance-measuring  accuracy  has  to  be  improved  because  DME  is  to  be  applied  to 
additional  tasks.  In  the  first  place,  DME  in  combination  with  VOR  and  DVOR  is  to  enable 
accurate  area  navigation  to  be  Implemented  with  the  least  possible  aircraft  separation. 
In  the  second,  Dt4E  in  combination  with  IL3  should  provide  continuous  and  accurate 
distance  indication  so  that  the  rather  coarse  marker  indication  of  ILS  can  be  sub- 
stituted . 

Improvement  of  the  distance-measuring  accuracy  requires  reduction  of  both  the 
intrinsic  equipment  errors  and  the  errors  caused  by  multipath  propagation.  The  simplest 
approach  would  be  an  Increase  of  the  channel  bandwidth;  the  then  resulting  steeper  pulse 
edges  and  less  critical  units  as  amplifiers  and  filters  would  reduce  both  error  types. 
This  approach  is  to  be  taken  for  the  future  microwave  landing  system  (MLS)  recommended 
by  the  Special  Committee  SC-liy  of  the  Radio  Technical  Commission  for  Aeronautics 
(RTCA).  Thin  is  feasible  only  because  a new  frequency  band  will  be  made  available  and 
because  no  compatibility  with  any  already  introduced  signal  format  is  specified.  The 
new  band  comprises  the  frequencies  5003  to  5060  MHz. 


Flg.  8 


Effect  of  echo  signals  upon'  the 
second  pulse  of  a reply  pulse  pair. 
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IMTEHROaATION  EROII 


STOP  WITH 
PILOT  PULSE 


Fir.  9 Pilot-pulse  mode  employed  In 
the  transponder 

An  Improvement  of  the  ICA0-D[4E  accuracy  can  only  be  achieved  by  refining  the 
signal  evaluation.  An  approach  that  has  proved  useful  to  reduce  multipath  propagation 
errors  Illustrated  In  Fig.  fi  is  to  measure  the  leading  edge  of  the  first  pulse  of  any 
pair  because  reflected  pulses  must  necessarily  be  received  later  than  the  straight-path 
pulses. 

The  pilot-pulse  mode  (Fig.  9)  is  effective  in  reducing  the  propagation-time  fluctu- 
ations within  the  interrogator  and  the  transponder.  Here  the  DME  is  not  started  by  the 
interrogation  video  pulse,  but  by  a pilot  pulse  that  is  decoupled  from  the  interrogation 
pulse  at  RF  level, converted  in  frequency,  and  fed  into  the  receiving  channel,  thus  elimi- 
nating intrinsic  delays. 

Increase  of  the  Number  of  Users 

The  now  100  users  per  transponder  can  be  expected  to  grow  over  8OO  in  future^*^. 

The  most  important  measure  to  achieve  this  goal  is  the  reduction  of  the  number  of  pulses 
exchanged  between  all  users  and  the  transponder  in  unit  time.  If  the  present  rate  of  25 
interrogations  per  second  in  the  tracking  mode  can  be  reduced  to  10  per  second,  for 
instance,  then  a factor  of  2.5  is  gained.  Unfortunately  the  reduction  of  measuring 
pulses  is  somewhat  in  conflict  with  accuracy  b -cause  the  effect  of  statistically  distrib- 
uted errors  can  be  kept  low  only  by  a suff iciei.-ly  high  number  of  individual  measurements. 
In  the  long  run  another  method  seems  to  hold  promise,  a method  that  is  bting  investigated 
for  collision-avoidance  systems  (CAS),  It  is  basically  a one-way  DME  with  the  additional 
feature  of  synchronizing  in  intervals  of  several  minutes  by  regular  round-trip  measure- 
ments the  airborne  time  standard,  a crystal  oscillator  with  a stability  of  10  to  0.1 
parts  per  billion  (ppb)  to  the  transponder  time  standard.  It  should  be  remembered  that 
the  overall  pulse  requirement  per  user  is  very  small  even  though  each  user  transmits 
many  interrogations  and  receives  many  responses;  this  is  so  because  the  interval  between 
the  individual  synchronization  proces.ses  is  rather  long  (several  minutes).  This 
solution,  although  burdened  with  additional  costs,  allows  for  an  Increase  of  the  number 
of  f.imultaneou;;  u.sers. 

At  all  times  between  the  synchronization  processes,  the  distance  is  measured  by 
one-way  DME.  Measured  is  the  time  oetween  transmission  of  transponder  signals  and  their 
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reception  in  the  interrogator,  both  times  referred  to  the  transponder  time  standard  to 
which  the  airborne  DME  is  regularly  synchronized. 

Suppose  the  synchronization  of  the  airborne  time  standard  during  the  flight  could 
be  eliminated,  i.e.  a more  stable  time  standard  were  available  for  economic  airborne 
application.  We  would  then  have  a true  one-way  DME  that  could  not  be  saturated  by  the 
number  of  users  - Just  as  is  the  case  with  the  rotating  radio  beacons.  At  present  such 
solution  is  too  expensive  because  it  would  Involve  the  airborne  use  of  atomic  frequency 
standards.  However,  the  dimensions  and  costs  of  such  standards  have  been  greatly  re- 
duced in  the  past  ten  years;  hence,  their  introduction  can  be  expected  before  the  end  of 
this  century. 

Improvement  of  Reliability  and  Economy 

The  technological  development  of  ground  and  airborne  DME  Is  characterized  by  solid- 
state  designing,  micro-miniaturization,  and  digitizing.  Tubes  are  still  being  used  in 
transmitter  amplifiers,  but  even  here  their  substitution  by  solid-state  stages  is  only  a 
matter  of  time. 
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by 

Dr.  M.  BBhm,  Head,  Development  Navigation,  SEL,  Stuttgart 


Summary 

TACAN  (TACtical  Air  Navigation)  is  a radio  position-fixing  method  for  military 
short  aiid  medium  range  aviation.  Since  the  1950ies  it  has  been  introduced  on  a large 
scale  in  all  NATO  countries. 


Each  ground  station  currently/provides  azimuth  or  "theta"  values  to  any  number 
of  aircraft  and  distance  or  "rho"  values  to  max.  120  aircraft  at  the  same  time.  Both 
types  of  values  are  eit  : .r  directly  displayed  (Fig.  1)  or  are  inputs  for  a navigation 
computer. 
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Fig.  1 Measuring  and  display  of  TACAN  coordinates 


1 . Introduction 

TACAN  is  accurately  specified  in  MIL-STD  291B  and  in  STANAG  5034.  TACAN  equip- 
ment operates  in  the  frequency  range  from  962  to  1213  MHz  just  like  DIffi.  This  range 
is  subdivided  into  252  X and  Y channels  spaced  by  1 MHz.  The  range  of  TACAN  is  300  km 
on  the  average.  Five  channels  in  the  frequency  region  around  1030  MHz  and  five  around 
the  frequency  of  1090  MHz  are  reserved  for  Identification  Friend  or  Foe  (IFF)  or 
secondary  radar  (SSR),  and  are  therefore  not  available  for  TACAN. 

The  association  of  TACAN  channels  to  the  various  frequency  subranges  may  be  seen 
from  Table  1.  Just  as  in  DME,  pulse-spacing  codes  are  employed,  i.e.  the  spacing 
between  two  pulses  constitutes  a unique  identification  code. 

Table  1 - Channel  distribution  in  TACAN 

(Total:  126  X and  126  Y channels) 

PSC  = pulse  spacing  code 


PULSES  OF  AIRBORNE  INTERROGATOR 


63  X 

channels 

63  X 

channels 

PSC 

12  ^us 

PSC 

12  yUS 

63  Y 

channels 

63  Y 

channels 

PSC 

36  ^us 

PSC 

36  yUS 

962-1024  MHz 

1025-1087  MHz 

1088-1150  MHz 

1151- 

■1213  MHz 

63  X channels 

63  Y channels 

63  Y channels 

63  X 

channels 

PSC  12  yUS 

PSC  30  yUS 

PSC  30  yUS 

PSC 

12  yUS 

RESPONSES  OF  GROUND  STATION  TRANSPONDER 
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2.  Operation  Principle 

TACAN  azimuth  is  measured  by  the  airborne  equipment  by  discriminating  the  phase 
shift  between  the  azimuth-dependent  rotating  directional  radiation  pattern  and  the 
reference  pulses  Independent  of  the  azimuth,  similarly  as  in  the  VOR  system.  To  make 
these  measurements  possible,  the  ground  station  provides  the  following: 

a secondary  radiator  rotating  around  the  fixed  central  antenna  at  a distance 
of  7.5  cm  with  the  speed  of  15  rps;  this  results  in  a rotating  pattern  used 
for  coarse  measurement  (Pig.  2); 

nine  antenna  elements  rotating  around  the  fixed  central  radiator  at  a distance 
of  1*5  cm  with  the  speed  of  15  rps  that  are  also  excited  by  radiation  coupling; 
they  generate  a nine-lobe  pattern  superimposed  on  the  above  pattern  (Fig.  3); 

15-Hz  and  135-Hz  reference  pulses  against  which  the  said  sirgle-lobe  and 
nine-lobe  patterns  are  measured  in  order  to  Indicate  the  azimuth  (Fig.  A). 
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Fig.  2 TACAN  azimuth  single-lobe  pattern 
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Fig.  3 TACAN  azimuth  nine-lobe  pattern 
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Fig.  k TACAN  reference  pulses 


The  TACAN  ground  station  thus  basically  consists  of  the  DME  described  before 
and  additional  equipment  that  permits 

(a)  modulation  of  DME  and  filling  pulses  with  an  azimuth-dependent  signal  and 

(b)  additional  radiation  of  reference  pulses  for  azimuth  measurements. 

The  TACAN  airborne  equipment  is  essentially  a DME  with  attachments  for  azimuth 
measurement. 

This  provides  a compatibility  inasmuch  as  any  airborne  DME  can  process  TACAN 
distance  data  while  any  TACAN  airborne  equipment  can  process  EWE  distance  data. 

Compared  with  VOR/DME,  TACAN  features  the  following  significant  advantages: 

The  TACAN  antenna  is  smaller  because  of  the  higher  operating  frequencies 
(962-1213  MHz  as  compared  with  108-118  MHz).  This  is  important  for  mobile 
use  on  ships  and  land  vehicles. 

The  multi-lobe  coarse-fine  measuring  principle  improves  accuracy  and 
resolution. 

Azimuth  and  distance  are  measured  with  the  same  RF  channel,  which  constitutes 
a more  economic  solution. 

Compared  with  the  doppler  radio  beacon  (DVOR)  , a certain  disadvantage  may 
be  seen  in  the  application  of  the  ooarse/fine  measuring  principle  for  a certain  class 
of  users. 

The  TACAN  Airborne  Equipment 

The  airborne  equipment  is  essentially  a DME  with  associated  azimuth-measuring 
unit.  A block  diagram  of  existing  equipment  is  shown  in  Fig.  5 (azimuth  part  only; 
for  DME  see  chapter:  Distance  Measuring  Methods). 


Fig.  5 Azimuth  unit  of  TACAN  airborne  equipment 
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The  signals  received  are  decoded  in  this  unit,  i.e.  only  one  pulse  of  a pair  is 
processed.  Then  the  15-Hz  and  the  135-Hz  components  are  filtered  out  from  the  ampli- 
tude-modulated signal.  The  North  pulse  triggers  a corresponding  15-Hz  reference 
frequency  while  the  auxiliary  reference  pulses  synchronize  a 135-Hz  reference 
frequency.  The  phases  of  the  variable  15-Hz  and  135-Hz  waveforms  are  continuously 
measured  against  the  reference  waveforms  with  the  aid  of  a tracking  unit  comprising 
two  bridge  circuits.  A gear  with  the  ratio  of  9 : 1 is  attached  to  the  servo  motor 
in  order  to  interlink  the  15-Hz  and  the  135-Hz  systems.  In  the  tracking  mode,  the 
servo  motor  is  controlled  by  the  135  Hz  as  long  as  the  latter  signal  is  present  and 
as  long  as  the  15  Hz  are  tracked  to  an  accuracy  of  8 to  20  degrees.  If  the  135-Hz 
signal  is  missing  or  the  coarse-measuring  error  exceeds  20  degrees,  then  the  15-Hz 
signal  assumes  control  over  the  servo.  In  this  way  the  15-Hz  signal  provides  un- 
ambiguity of  the  signal  while  the  135-Hz  component  enhances  the  measuring  accuracy. 

Just  as  in  DME,  static  or  dynamic  memories  will  bridge  the  gaps  caused  by  short- 
duration  fading  of  signals. 

The  TACAN  Ground  Station 

The  design  of  the  TACAN  ground  station  is  sketched  in  Fig.  6.  The  antenna  array 
comprises  a central  radiator  designed  to  handle  a bandwidth  of  about  250  MHz.  These 
antennas  have  been  built-up  of  up  to  11  vertically  stacked  elements  in  order  to  achieve 
a high  vertical  antenna  gain.  Fig.  7 shows  a typical  vertical-radiation  character- 
istic of  a TACAN  ground-station  antenna. 

The  secondary  antenna  elements  are  embedded  into  the  two  plastic  cylinders 
(Fig.  6)  rotating  around  the  central  and  fixed  antenna.  They  are  excited  by  radiation 
coupling  and  will  amplitude-modulate  the  pulse  sequence  radiated  by  the  fixed  central 
antenna.  The  depth  of  modulation  is  about  20  per  cent.  Rotating  synchronously  with 
the  plastic  cylinders  are  the  sender  disks  for  the  reference  pulses  and  for  the 
ground-station  identity  tone. 
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Fig.  6 TACAN  ground  station 


453 


Fig.  7 Typical  vertical-radiation  characteristic 
of  an  antenna  (TACAN  ground  station) 

The  rated  speed  of  15  revolutions  per  second  (rps)  of  the  motor  (Fig.  6)  for  the 
antenna  array  is  derived  from  a tuning  fork  and  is  controlled  to  an  accuracy  of  max. 
1%. 


The  North  pulse  sequence  comprises  2h  single  pulses  alternatively  spaced  by 
12  and  18  yus.  After  decoding  in  the  airborne  set,  12  single  pulses  spaced  by  30  yus 
appear  acrbss  the  decoder  output.  The  reference  pulse  sequences  are  radiated  8 times 
for  every  revolution;  the  ninth  sequence  is  substituted  by  the  North  pulse  sequence. 
They  consist  of  12  single  pulses  spaced  by  12  yUs  each.  Reference  pulses  are  trans- 
mitted with  priority  over  filling  and  response' pulses. 

The  station-identity  tone  of  1350  Hz  is  transmitted  every  30  seconds  in  sync  with 
the  pulse  sequences  of  the  identity  code,  thus  avoiding  mutual  interference.  The 
identity  code  comprises  1350  pulse  sequences  per  second;  each  sequence  consists  of 
U pulses  with  the  following  spacings:  12  yUS,  100  yUS,  and  again  12  yUs. 


VORTAC 

Several  countries  have  introduced  the  VORTAC  system  enabling  TACAN-equlpped 
aircraft  to  use  the  ICAO  air  lanes.  The  VORTAC  ground  station  comprises  a TACAN 
instead  of  a DME  equipment  (TACAN  is  compatible  with  airborne  E84E).  The  resulting 
VORTAC  station  is  sketched  in  Fig.  8.  Civil  aircraft  will  obtain  azimuth  data  from 
a VOR  transmitter  and  the  distance  data  from  the  TACAN  transponder.  Military  aircraft 
obtains  both  azimuth  and  distance  data  from  the  same  TACAN  transponder.  From  the 
viewpoint  of  Air  Traffic  Control  (ATC),  both  types  of  users  can  be  treated  in  the 
same  way. 


Fig.  8 VORTAC  station 


454 


3.  Development  Trends 


TACAN  has  been  the  first  multi-lobe  rho-theta  system  for  coarse  and  fine  measure- 
ments and  has  in  some  ways  more  them  fulfilled  expectations.  The  typical  system  error 
is  1 degree;  however,  TACAN  will  operate  satisfactorily  only  as  long  as  the  15-Hz 
system  continues  functioning.  This  system  is  sensitive  to  reflection  interference 
because  its  measuring  base  is  short.  Particularly  detrimental  are  reflecting  obstacles 
located  in  the  vicinity  of  the  ground- station  antenna.  An  effective  remedy  is  the 
elevation  of  the  vertical  radiation  diagram  which,  of  course,  will  reduce  the  range 
for  low-flying  aircraft.  Another  remedy  is  the  use  of  pulses  because  reflected  pulses 
are  received  later  than  the  original  pulses  and  can  be  made  ineffective.  Other  im- 
provements are  incorporated  in  advanced  airborne  equipment  that  makes  use  of  only  the 
leading  edge  of  only  the  first  pulse  of  a pair. 


Further  development  work  on  TACAN  reveals  the  following  trends: 


improvement  of  ground  station  reliability 
increase  of  azimuth  and  distance  measuring  accuracy 
introduction  of  new  and  Improved  angle-measuring  procedures 
multiple  exploitation  of  TACAN  channels  for  landing  etc. 
development  of  highly  mobile  ground  stations 
suppression  of  interference  by  frequency  hopping. 


The  reliability  of  airborne  and  ground  equipment  is  continuously  being  improved 
by  the  use  of  modern  solid-state  and  digitizing  technologies  and  by  the  elimination 
of  physically  movable  parts. 


The  azimuth  measuring  accuracy  is  being  increased  by  better  antennas  switched 
by  electronic  means,  a wider  base  of  the  ground  station,  and  careful  airborne  measuring 
of  angular  signals,  predominantly  using  the  digital  technology.  The  distance-measuring 
accuracy  is  being  improved  along  the  same  principles  as  employed  for  ESffi.  New  angle- 
measuring principles  supported  by  wider  antenna  bases  are  being  worked  out  to  overcome 
the  effect  of  multi-path  propagation  upon  the  measuring  accuracy. 


Multiple  exploitation  is  suggested  by  the  ample  endowment  of  the  TACAN  frequency 
band  with  bandwidth  and  number  of  channels.  Therefore,  both  data  links  within  the 
position-fixing  channels  and  the  SETAC  landing  aid  were  developed  on  the  basis  of 
TACAN.  The  feasibility  of  inconiorating  additional  services  is  being  investigated. 


The  overall  TACAN  development  trend  will  probably  advance  in  the  direction  of 
multiple  exploitation  of  the  airborne  TACAN  equipment  as  a central  unit  of  a so-called 
TACAN  family  comprising  various  highly  mobile  ground  stations  insensitive  to  inter- 
ference and  employed  for  various  tasks  of  tactical  radio  navigation  in  air  force  and 
array. 
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PART  1 INKRTIAL  NAVIGATION  AS  A FAOTai  IN  ATC 


SL'MMARY 

The  history  of  the  development  of  navigation  within  Air  Traffic  Control  Systems  is  traced  briefly 
and  the  requirement .s  for  effective  navigation  and  flight  path  control  are  discussed.  They  are  related  to 
the  adoption  of  Inertial  navigation  and  to  the  possible  future  extention  of  its  use.  Typical  airborne 
system  configurations  are  described  togetiier  with  the  f.acilities  provided  by  them.  Reference  is  made  to 
systems  for  both  civil  and  military  aircraft.  The  principles  of  Inertial  Navigation  are  then  described 
briefly  with  a review  of  the  standards  of  accuracy  and  reliability  being  achieved. 


I.  INTRODUCTION 

Any  Air  Traffir  Control  System  depends  for  its  o|wratlon  on  the  precision  with  which  aircraft  can 
lie  lonflilently  assigned  to  specific  fllgtil  iiaths  in  S[iace,  snd  also  In  time.  The  integrity  of  the  system, 
and  hence  the  level  of  fllglit  safety  afforded  by  It,  de(>enda  on  tiiii  prolinhlllty  of  aircraft  achieving 
known  standard!  of  navigation  accuracy , and 'nr  tlieir  preclae  (loBltion  being  known  to  ATT. 

These  aims  are  obtainable  by  a combination  of  airborne  navigation  and  ground-based  surveillance, 
the  former  lielng  of  most  Interest  hero. 

The  alternative  approaches  to  navigation  are  through  the  provision  of  ground-based  radio  aids  and 
self-contained  systems  confined  to  the  aircraft:  in  practice  some  combination  has  always  been  used. 

In  the  two  decades  following  the  end  of  the  Second  World  War  the  widest  npiilicatlon  of  new 
teclinologles  to  navigation  took  place  in  tlie  ground-based  radio  sector.  In  particular  Uie  air  spaces  over 
the  most  highly  devolop<‘d  continents,  ttie  L'.S.A.  and  Kurope,  were  org.-uiized  .around  extimsive  airway 
structures  based  on  VOR,  with  tlie  later  addition  of  DME . N.avlfc'.ation  over  water  and  less  highly  populated 
land  masses  was  achieved  by  the  use  of  dead  reckoning  complimented  by  position  fixes  derived  from  whatever 
sources  were  available.  (Ver  the  North  Atlantic  many  oiierators  used  Doran  A for  this  purpose. 

The  primary  disadvantage  of  such  classical  navigation  techniques  was  the  work  load  imposed  on  tlie 
crew:  a combination  of  data  reduction,  plotting  and  tlie  exercise  of  Judgement  to  weight  the  various 

information  sources.  There  was  a furtiier  consequence  of  importance  in  calculallng  acceptable  .separation 
standards:  widely  varying  standards  of  accuracy  and  a real  possibility  of  'blunders',  leading  to  a 

significant  proportion  of  gro.ss  errors. 

Ttie  0[)*.‘rators  of  long  range  civil  :md  military  .aircraft  thus  had  a common  use  for  an  aid  liavlng  tlie 
following  properties: 

fontlnulty  and  consistenry  of  operation  over  all  si-rtors,  throughout  the  world. 

Kase  of  liandllng  by  the  crew:  pieferahly  pilot  interpreted. 

Illgtiest  possible  aeeurary. 

Roliahillty. 

Tlie  need  for  a world-wide  caiiabllity  and  a desire  to  maintain  the  factors  influencing  accuracy  and 
rellahillty  under  ojierator  control  pointed  tlie  way  to  a primarily  .self-contained  solution. 
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Nnvlgiitloii  by  Doppler  Radar  was  the  first  such  solution  to  be  commercially  available  but  suffered 
from  certain  significant  short-comings : 

Accuracy  dependent  on  the  heading  reference.  In  most  cases  derived  magnetically. 
lAerformance  variations  over  water,  In  certain  sea  states. 

A significant  Installation  problem. 

However  Doppler  was  quite  extensively  used,  piu'tlcularly  when  the  work  load  Involved  In  Interpreting 
the  data  was  relieved  by  a relatively  simple  analogue  computer,  operating  In  along  and  across  track 
co-ordinates . 

In  the  late  l‘H30s  Inertial  Navigation  was  Introduced  by  a number  of  civil  operators,  following  a 
period  of  development  as  a basic  sensor  in  certain  types  of  military  aircraft.  Apart  from  Its  basic 
superiority  as  a self-contained  aid  this  wider  application  of  IN  was,  and  is,  highly  successful  for  a 
further  Important  reason.  I'ortultously  the  introduction  of  these  systems  coincided  with  tlie  availability 
of  a new  gen-sratlon  of  relatively  reliable,  compact,  airborne  digital  computers. 

The  resulting  inertial  systems  have  significant  advantages  over  the  previous  Doppler  systems  because: 

Their  advanced  g'vroscoiie  techiu  logv  has  solved  the  problem  of  achieving  an  accurate  heading 
reference . 

Their  high  navigation  accuracy  has  proved  to  be  .'Xtreraely  consistent. 

They  have  become  more  reliable  because  of  advances  in  the  technologies  involved. 

The  inclusion  of  digital  computing  has  provided: 

A range  of  monitoring  facilities  and  checks  previously  unobtainable. 

Satisfactory  pilot  operation  by  using  the  computer  to  store  way-points  expressed  as  latitude 
and  longitude. 

Automatic  flight  guidance  by  versatile  ATfS  coupling, 
better  and  more  comprehensive  pilot  displays. 

Ry  a combination  of  tlie  above  a higher  degree  of  protection  against  'blunders',  or 
'flight  technical  error'. 

As  will  be  seen  later  all  of  this  has  an  Immediate  Impact  on  the  potential  viability  of  an  oceanic 
ATC  system,  where  separation  standards  may  have  to  be  reduced.  Dut  in  addition  the  full  potential  of 
Inertial  .Navigation  has  further  implications  for  ATT  in  continental  en-route  air  space,  in  Terminal  Areas, 
and  In  approach  and  landing. 

This  is  because  the  INS  is  not  merely  a navigation  aid,  but  a sensor  of  the  aircraft  velocity  vector. 
It  produces  this  data  in  three  dimensions,  and  also  provides  high  accuracy  data  on  roll  and  pitch  attitude, 
and  angular  rates.  It  does  so  in  a form  free  from  nol.se,  iU'J  immune  to  errors  caused  directly  by  aircraft 
manoeuvres.  It  Is  the  potential  foundation  of  a new  generation  of  Guidance  and  Control  Systems.  The 


corresponding  Improvements  In  aircraft  capability  can  in  turn  Influence  the  evolution  of  future  ATC 
systems . 


2.  RIXJl'IRKlKVrS  FOR  NAVIGATION  AND  n.IGHT  PATH  rONlllOI.  IN  AN  Air  SYSTEM 

In  the  context  of  this  paper  it  is  of  interest  to  distinguish  a number  of  different  flight  regimes, 
and  to  see  how  Inertial  Navigation  applies  to  them. 

2.1  Long  Range  En-Route  Navigation 

Here,  for  example  in  trans-oceanlc  sectors,  IN  is  likely  to  be  the  sole  means  of  navigation.  The 
requirement  is  to  achieve  a given  standard  of  .accuracy,  with  a sjieclfied  probability  of  its  achievement. 

A considerable  amount  of  work  has  been  done  in  assessing  the  accuracy  and  integrity  required  for  N. 
Atlantic  operations,  and  the  m.a,jorlty  of  commercial  INS  equipped  aircraft  have  been  cleared  largely  with 
this  route  in  mind. 

Containing  the  probability  of  a conflict  in  this  or  any  other  route  structure  depends  on  the 
navigation  accuracy  achievable  and  the  presence  or  otherwi.se  of  a known  standard  of  surveillance.  In 
general : 
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I^resent  standards  of  separation  are  postulated  on  a mix  of  IN  equipped  aircraft  and  non  IN 
equipped  aircraft. 

IN  has  Gstabll.shed  itself  to  the  point  at  which  :he  separations  likely  to  be  needed  in  the 
late  1970s  could  be  achieved  by  its  use. 
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But  there  in  a point  at  whi^h  a further  decrease  in  separations  to  below  an  order  of  30  n, 
li,  mis  laterally  would  also  require  satellite  surveillance. 

The  modelling  technique's  involved  in  such  assessinents  have  been  described  in  detail  elsewhere. 
(Heferences  t and  2). 

With  the  recent  downward  revisions  of  the  predictions  of  North  Atlantic  movements  it  appears  that 
the  capability  now  attributed  to  IN  will  become  essential  in  t!ie  late  1970s  if  an  operator  is  to  enjoy 
as  near  to  optimum  routinfirs  as  is  possible.  The  separations  employed  will  be  of  the  order  of  60  n.  mis. 

But  it  must  \)c  stated  that  the  administrations  do  not  require  INS  |)cr  so,  but  a demonstrable 
capability  of  the  same  order.  It  is  (x^ssible,  but  not  firmly  established,  that  an  alternative  solution 
such  as  Oneffa  will  also  prove  acceptable. 

The  assessment  of  the  acceptability  of  INS  as  providinff  a driven  capability  over  the  North  Atlantic 
fias  been  a complex  process  involving  a consideration  of  the  following’  variables,  among  others: 

INS  errors  propagate  within  a given  system  with  time.  The  mode  of  propagation  is 

relatively  complex  because  of  the  number  of  j>o8siblo  error  sources,  and  a system 

mechanisation  which  interrelates  them  in  numerous  ways.  Tlie  systrm  is  not  positively 
[ error  bounded. 

} A single  INS  is  based  on  a single  set  of  basic  sensors  and  is  thus  essentially 

i vulnerable  to  undetected  failure.  Multiple  redundancy  is  called  for,  and  tlie 

i;  question  of  how  a flight  crew  can  diagnose  the  fact  that  a particular  system  is 

I drifting  away  arises. 


1 


Tlip  original  nrcuracy  requiroment  for  the  North  Atlantic,  promulgated  the  FAA  in  19G6,  was  the 
limitation  of  croas-track  error  to  a maximum  of  - 20  n.  mla,  along-track  to  - 25  n.  mis.  Tills  was  to 
be  determined  and  demonstrated  on  a OS'!  prohahillty  basis.  (Advisory  Circular  25-4,  February  19G6) 
(Reference  3) 

2.2  Kn-lioutc  Navigation  in  a Domestic  Knvlronraent 

Aircraft  arriving  in  such  an  environment  from  a long  range  sector  become  ground  referenced  as 
opposed  to  self-contained  when  tliey  are  'collected'  in  two  ways: 

Mv  entering  tlie  covorngo  of  ttie  VOR  'DMi:  system,*  which  thus  enables  tliem  to  fly 
* airwava  in  ttie  normal  mann<'r. 


i 


By  coming  under  radar  surveillance. 

In  the  early  days  of  INS  development  a relatively  simple  concept  was  accepted:  such  aircraft  would 
then  behave  as  if  tln*>  were  not  INS  equipped  and  be  handled  thus.  It  was  conceded  that  if  Area  Nav- 
igation became  adopted  widely  it  would  be  based  on  the  use  of  digital  computers  combining  the  data  from 
a number  of  sensors,  one  of  which  might  he  the  INS. 

In  fact  it  has  now  been  observed  that  traffic  densities  and  the  resulting  cost  effectiveness  of 
area  navigation  have  not  dr?veloped  as  rapidly  as  was  once  predicted,  with  a consequent  slowing  down  of 
t Ilf-  adoption  of  thr.  concept  in  practical  0(|uipment  terms. 

But  meanwhile  ofjerators  who  have  INS  equip;)ed  aircraft  have  been  monitored  as  to  their  compliance 
with  the  present  'BMl!  leased  airways  structure,  and  it  is  clear  that  INS  is  improving  their  performance. 
This  Is  probably  because*  most  present  day  aircraft  have  somewhat  unsatisfactory  arr.nngemcnts  for  direct 
von 'AITS  coupling,  the  coupling  often  being  achieved  hy  visual  instrument  monitoring,  the  basic  guidance 
mode  being  magnetic  head ing 'Ai'Ts . 

When  such  aircraft  continue  to  use  INS/.AI-TS  flight  patli  guidance  the  total  airborne  system  comes 
nearer  to  meeting  a significant  rerjuirement  which  is  pju'ticularly  favourable  to  inertial  navigation:  an 

nbilitv  to  couple  closely  to  a desired  flight  path,  to  ignore  wind  rlmnges  or  wind  shear,  and  to  man- 
o<*uv!’e  precisely  when  track  changes  arc  required;  e.g.  over  a VOH,  Haw  VOH  continues  as  a basic  monitor 
of  track  keeping.  Beam  noise  is  of  course*  ignored.  The  role  of  the  INS  as  a guidance  tool  based  on 
the  aircraft  velocity  vector  relative  to  tlu-  earth's  surface*  bi'comes  appju'ent. 

It  has  also  become  nppjiront  that  INS  equipi>cd  aircraft  already  possess  a form  of  Area  Navigation  in 
that  the  /\i'inc  50]  comj)utor  can  aceept  a series  of  way-points  defined  in  terms  of  latitude  and  longitude. 
This  ))“rmits  the  negotiation  of  special  clearances  wliich  can  if  necessary  depart  from  the  normal  airways 
structure.  The  requirements  are  that  AIT  c;m  organize  su^h  clearances,  and  that  INS  capability  as 
regards  accuracy  is  sufficient  for  their  execution.  Such  operations  .are  now  being  conducted  in  the  U.S.A. 
fHefcrencf*  '1,  Arinc  5Gi) 

It  can  thus  be  seen  that  thr'  first  gerurration  of  ler'rtial  Systems  to  be  used  regularly  en-route  in 
thr*  domr*stie  environment  ai’e  mer-ting  .sper-iiic  re(juirc‘ments  which  have  always  existed: 

Bf.‘ttor  dynamic  track-koef)ing. 

Better  automation  of  certain  manoeuvres. 


The  mannr*r  in  which  these  roT|ulrements  jire  met  can  only  improve  when  Inertial  Navigation  is  used  in  ’ 

more  flexible  and  comprehensive  niri)oine  system  configurations,  with  provisions  to  mix  IN  and  radio  aids, 

or  with  morn  versatile  pi  lot-(*quipment  interfaces.  ^ 


*1 


*^64 


2.3  Terminal  Area,  Approach  and  Landing 

Present  TMA  operations  are  based  primarily  on  radar  vectoring,  followed  by  the  acquisition  of  the 
IL.S  Localiser  in  the  horizontal  plane.  Depending  on  the  APCS  fit  landings  are  possible  over  a range  of 
weather  minima. 

The  operational  requirement  in  its  simplest  terms  is  to  permit  ATC  to  assign  to  arriving  aircraft 
flight  paths  which  will  result  in  optimum  longitudinal  separation  for  landing,  the  departure  problem 
being  somewaht  similar. 

■Significant  trends  include: 

The  need  to  discriminate  in  longitudinal  separation  to  co|ie  with  woke  turbulence, 

particularly  from  wide  bodied  Jets. 

The  grrowth  of  automation  on  the  ground  to  aid  the  controller  in  this  task. 

The  desirability  of  improving  the  acquisition  and  subsequent  holding  of  the  runway 

centre  line  to  facilitate  parallel  runway  0|)cratlons. 

A need  for  better  regulation  of  climb  or  descent  profiles  in  the  vertical  plane. 

The  contribution  of  Inertial  Navigation  to  these  needs  lies  in  its  ability  to  generate  extremely 
smooth  velocity  data  in  three  dimensions,  accurate  in  the  short  term.  It  is  thus  possible  to  smooth 
radio  guidance  and  improve  the  general  level  of  flight  path  control. 

It  has  been  pointed  out  that  a clear  aim  of  iO.S  is  to  provide  much  smoother  approach  guidance,  with 
freedom  from  noise  or  beam  bends  resulting  in  ILS  from  multi-path  effects,  movements  of  other  aircraft 
etc. 


Dut  it  must  be  pointed  out  that  the  present  IL.S  system  is  likely  to  co-exist  with  MLS  for  .at  least 
15  years,  or  up  to  the  2000.  Many  aircraft  cleared  to  (Category  3 will  have  sucli  clearance  on  the  basis 
of  the  established  integrity  of  ILS. 

Considerable  work  has  been  done  on  both  sides  of  the  Atlantic  to  demonstrate  the  benefits  of  intro- 
ducing Inertial  smoothing  into  automatic  approach  and  landing  systems  based  on  ILS.  (References  5 and 
6).  Therefore  ttie  potential  contribution  of  IN  to  enhanced  flight  path  control  in  three  dimensions 
applies  in  the  TMA  down  to  the  final  approach  phase. 

The  use  of  IN  as  an  aid  to  movement  on  the  ground  is  also  a possibility. 


3.  AIRBOn.NK  SYSTEM  CONFIGURATIONS 

3.1  History 

The  essential  sub-assemblies  in  an  Inertial  Navigation  System  are: 

(a)  The  Platforms,  Including  the  sensors. 

(b)  The  Platform  Electronics. 

(c)  The  Computer. 

(d)  Special  purpose  Dower  Supplies  Etc. 

(e)  Pilots'  Controls  and  Displays. 

In  the  earliest  military  systems  (a)  was  usually  mounted  separately.  (b)  and  (c)  were  contained  in 
a rack  mounted  unit. 

But  in  the  latest  military  and  commercial  systems  it  is  customary  to  pack  (a),  (b),  (c)  and  (d)  in  a 
single  box.  Figure  1 shows  such  a unit,  part  of  the  Ferranti  Digital  Inertial  Navigation  .System. 

Systems  for  commercial  aircraft  conform  to  Arlnc  Standard  561,  which  standardises  mounting  arrange- 
ments, dimensions  and  interfaces  with  cooling  air,  power  supplies  .and  other  avionic  systems.  (Reference 
4) 

The  cockpit  units  consist  of: 

A Mode  Selector  Unit,  used  pre-flight  to  control  system  alignment  etc. 

A Control/Display  Unit  used  for  operational  handling  in  the  air. 

3.2  Typical  Configurations  Used  in  Commercial  Aircraft 

A typical  Arinc  561  System  (Reference  7)  has  the  signal  interfaces  shown  in  Figure  2.  It  will  be 
seen  that  as  well  as  functioning  as  an  inertial  navigator  the  system: 

Provides  the  azimuth  gyro  reference  for  the  compass  system. 


Acts  as  an  altitude  reference  for  flight  Instruments. 
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IVovidos  autopilot  steering:. 

The  Control/Dis[)lay  Unit  includes  a key-board  and  alpha-numeric  readouts,  resulting  in  the 
following  functions: 

Ability  to  set  in  9 way-points,  i.e.  defijie  a track. 

Ability  to  select  and  read  out: 

Pi'esent  Ibsition  (lat  long.) 

Selected  Way-point  (lat  ^long. ) 

('ross-track  Devi  at  ion /Track  Angle  Error 
Distance  or  Time  to  Go. 


lYesent  Track  Angle/Ground  Speed 
True  Heading  'Drift  Angle. 


Wind  Velocit \ AVind  Angle. 

He s i r ed  Tr ac k/Sy stem  Status. 


In  practice  a typical  commercial  installation  consists  of  two  or  three  systems  to  provide  redundancy. 
With  this  aim  there  is  typically  (I^eference  I)  segregation  of  the  systems  in  flight.  The  exception  is 
the  manual  loading  of  fligljt  j)lan  data  ^way-|>olnt  fxjsitions),  wfien  a single  key-board  one  one  CDU  may  he 
used  to  load  two  or  tliree  systems  simultaneously. 

3.3  Typical  Military  Aircraft  Conf iguration 


The  tendency  to  develop  special  purpose  integrated  avionic  systems  for  military  aircraft  results  in 
a wider  range  of  possibilities.  Tor  example  the  INS  may  be  used  as  a navigation  sensor  feeding  a Central 
IHgital  Computer  in  whirli  the  guidance  computations  are  made. 


Figure  3 shows  the  Control 'Display  Unit  for  the  Ferranti  System.  It  will  l)o  seen  that  the  facilities 
of  mode  selection  aj‘e  included  to  avoid  the  need  to  install  a separate  cockpit  unit  for  this  purpose  ns 
in  Arinc  50i.  Hut  in  this  jind  the  majority  of  military  systems  there  iS  provision  to  insert  way-points, 
and  thus  generate  track  guidance. 


In  many  military  systems  other  functions  not  relevant  to  ATC  are  to  be  found:  e.g.  concerned  with 

weapon  delivery  or  otlier  special  operational  tasks. 


It  's  also  common  to  fit  only  a single  P'S  in  railitar;.  aii-craft.  The  redundancy  for  navigation  is 
provided  b\  TAC'AN  and  other  aids.  Radar  and  other  sensors  associated  with  the  primary  mission  Increase 
the  total  level  of  redundanc\ . 


In  some  military  aircraft  present  position  data  is  displayed  to  the  pilot  by  a Moving  Map  Display, 
such  as  the  Ferranti  unit  shown  in  Figure  4. 

However  in  general  it  may  be  said  that  commercial  and  military  IN’S  equipped  aircraft,  while  having 
different  overall  system  configurations,  possess  the  same  inherent  navigation  capability  as  seen  by  ATC. 


4.  OPERATIONAL  CON.SI  DERATi  ONS  IN  TICE  USE  OF  INS 
4,1  Principles 

The  principle  of  any  INS  (Reference  8) involves  a cluster  of  inertial  instrumc'nts , consisting  of 
g>Toscopes  and  accelerometers,  stabilized  against  aircraft  motion  by  a gimbal  system.  This  is  the  plat- 
form . 

The  gyroscopes  can  detect  any  motion  of  the  cluster  relative  to  space  about  three  measuring  axes, 
roll,  pitch  and  azimuth.  Tliey  are  the  basic  position  sensors  in  the  servo  systems  controlling  the  gimbals. 
By  the  inclusion  of  a fourth  redundant  roll  gimbal  the  platform  can  be  made  topple-free  through  all 
aircraft  manoeuvres. 

The  two  vertical  gyroscope  channels  are  associated  with  two  horizontal  accelerometers  which  can  be 
considered  most  simply  as  being  aligned  N-S  and  F-W.  The  possibility  of  inertial  navigation  results 
from  the  fact  that  an  accelerometer  maintained  perfectly  in  the  horizontal  plane  can  furnish  a signal 
capable  of  being  successively  integrate/  electronically  to  give  velocity  and  disnlacemcnt . 

The  problem  of  defining  the  vertical  is  tackled  by  constructing  a feed-back  loop  around  an  accelero- 
meter and  a gyroscopt*  so  that  the  combination  is  'Schuler  tuned':  i.e.  it  has  a natural  period  of 
oseillatloi.  about  the  vertical  of  84  minutes.  Such  a vertical  is  essentially  pendulous,  but  does  not 
respond  to  vehicle  accelerations. 

As  the  aircraft  traverses  the  earth  the  cluster  must  be  rotated  to  take  account  of  its  curvature. 

As  the  earth  rotates  the  cluster  too  must  be  caused  to  rotate  appropriately.  The  computer  generates  these 
correction  terms  from  the  basic  geometry  and  furnishes  commands  to  torque  the  gyros  so  that  they  process 
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In  the  desired  manner. 

The  accuracy  at  inertial  navigation  therefore  depends  c - the  following  factors,  among  others; 

) Entering  into  the  computer  the  precise  geographical  co-ordinates  of  the  aircraft 
position  on  the  ground  at  switch-on.  (Essentially  the  accuracy  is  such  that  ramp 
position  is  required.  ) 

(b)  Levelling  the  platform  precisely  to  the  local  vertical. 

(c)  Achieving  a precise  knowledge  of  the  alignment  of  the  Instruments  relative  to 

true  north:  the  initial  azimuth  alignment. 

(d)  Having  gyroscopes  of  a very  low  intrinsic  drift,  and  accelerometers  of  high 
accuracy. 

(e)  Controlling  all  the  parameters  involved  in  the  subsequent  measurements  and 
computations  extremely  precisely. 

There  are  two  fi;rther  rules.  The  alignment  must  be  completed  with  the  aircraft  stationary  at  its 
ramp  position.  Also,  since  subsequent  operation  depends  on  processes  of  continuous  integration,  the 
system  must  be  powered  continuously,  and  run  continuously. 

4.2  Operating  Considerations 

The  capability  of  an  INS  equipped  aircraft  within  an  ATC  system  is  bounded  by  certain  basic  operational 
considerations  which  are  common  to  most  systems,  although  in  detail  they  may  be  handled  differently. 

The  basic  principles  of  the  operational  aspects  have  been  outlined  and  a brief  technological 
description  of  INS  is  integrated  in  this  paper  but  for  in-depth  information,  the  reader  is  referred  to 
the  bibliography  listed  under  .Section  7. 


5.  ACCUHACY  AND  HELI ABILITY 

Tlie  accuracy  of  inertial  navigation  systems  is  generally  specified  as  CEP  (Circle  of  Equal  Probability). 
Tills  implies  that  the  system  will  exhibit  a circular  error  of  the  level  specified  on  50%  of  all  flights. 

There  has  beer,  a steady  increase  in  inertial  navigation  accuracy  (Figure  5).  In  the  early  1960s 
CEP's  of  the  order  of  n.  mis  per  hour  were  characteristic.  But  by  the  late  1960s  proven  equipments 
in  civil  and  military  service  were  realising  accurac  order  of  1 n. m/hour  CEP,  and  this  has  been 

the  characteristic  performance  goal  for  high  quality  inertial  systems  since  that  date. 

The  fact  that  accuracies  of  this  order  can  now  be  achieved  in  the  rugged  environment  of  a military 
strike  aircraft  as  well  as  in  the  most  benign  commercial  aircraft  environment  is  indicative  of  the  extent 
to  which  detailed  problems  liave  been  solved.  Tlie  accuracy  depends  heavily  on  the  adequacy  of  the 
initial  pre-flight  alignment. 

Complex  considerations  arise  in  any  attempt  to  quote  the  reliability  of  inertial  systems.  In  the 
early  days  there  were  predictions  that  the  operational  reliability  would  be  low  because  of  the  unknown 
nature  of  the  tails  of  the  distribution  of  errors.  In  fact  these  predictions  have  not  been  realised  and 
anomalous  behaviour  of  this  kind  is  less  frequently  encountered  than  obvious  failure.  Tills  is  largely 
becau.se  unsatisfactory  operation  of  the  instruments  becomes  apparent  in  the  alignment  process.  Most 
systems  Include  provisions  for  the  processor  to  monitor  the  alignment  and  to  display  to  the  crew  a con- 
fidened  number,  between  9 and  0 in  the  case  of  Ferranti  systems.  Failure  to  achieve  the  desired  level  of 
confidence  in  alignment  is  indicative  that  the  system  will  not  deliver  its  specified  performance  in  the 
ensuing  flight.  The  fact  that  an  inertial  system  is  effectively  tested  in  this  way  before  take-off  has 
increased  the  effective  reliability  of  these  systems  in  the  air.  In  general  a distinction  is  made  between: 

Dispatch  reliability:  the  extent  to  which  INS  failures  prevent  departures  on  schedule. 

In  flight  reliability,  quoted  as  an  OTBF. 

In  practice  MTBF's  liave  Increased  from  a few  hundred  hours  to  figures  of  the  order  of  1,000  hours. 
Dispatch  reliability  and  the  minimising  of  delays  have  been  greatly  assisted  by  the  availability  in  the 
INS  of  comprehensive  built-in  test  facilities  Including  the  use  of  the  computer  to  diagnose  fault  con- 
ditions . 


6 . CONCLUSION 

It  has  been  shown  that  the  wide  application  of  Inertial  navigation  has  followed  from  the  rapid 
development  of  the  -echnology  and  the  fact  that  such  systems  are  truly  self-contained.  The  fact  that  a 
modern  INS  Includes  a digital  computer  providing  a high  degree  of  flight  automation  la  also  significant. 

In  ATC  terms  the  INS  has  made  its  greatest  impact  so  far  in  long  range  sectors,  particularly  over 
the  North  Atlantic.  Present  levels  of  INS  performance  are  sufficient  to  realise  the  separation  standards 
which  current  predictions  of  traffic  growth  Indicate  as  necessary  in  the  1970s. 

In  domestic  air  space  INS  aircraft  have  shown  consistently  good  track  keeping  performance  when 
flying  on  airways  largely  because  the  stability  of  the  INS  guidance  data  has  eased  the  task  of  the  auto- 
matic flight  control  systmm.  The  fact  that  an  INS  can  be  programmed  to  follow  any  desired  route  profile 
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tlirougli  n series  of  way-points  (jives  It  an  Intrinsic  area  navi(jation  capability  which  is  already  being 
used . 


In  future  generations  of  aircraft  inertial  systems  will  enable  better  flight  path  control  in  tne  TMA 
and  there  is  scope  for  improving  approach  and  landing  (lerforinance  by  using  the  inertial  reference  in 
conjunction  with  radio  aids. 
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part  2 inertial  navigation  systems  and  TE:aiNOLaiY 


The  principles  of  Inertial  Navigation  are  reviewed  in  a simple  manner,  intended  as  background 
information  for  s|)ecialists  in  other  fields.  The  mechanisation  of  a typical  system  is  described  and 
alternative  methods  are  referred  to.  The  problems  of  securing  an  initial  azimuth  alignment  and  compensating 
for  errors  within  the  instrunamts  are  referred  to.  There  is  then  a brief  description  of  the  technologies 
Involved  in  producing  inertial  instruments  together  with  some  indication  of  possible  future  developments. 

A section  is  devoted  to  the  problems  of  specifying  the  accuracy  of  Inertial  systems  and  assessing  it  in 
practice.  There  are  references  to  electronics  and  digital  computation  ns  applied  to  Inertial  navigation. 

In  conclusion  the  significant  Improvements  which  have  taken  place  in  flexibility  and  ease  of  maintenance 
are  referred  to. 

1.  IMHODUrTION 

Tlie  purpose  of  this  second  part  is  to  provide  a concise  summary  of  the  essential  features  of  this 
technology  for  the  benefit  of  workers  in  the  more*  general  fields  of  navigation  and  Air  Traffic  Control. 

2.  KOMi:  ITNIlA-tnCNTAL  HlINriPI.KR 
2.1  General 

A full  mathematical  treatment  of  a basic  IN.S  is  beyond  the  scope  of  this  paper,  and  readers  who  are 
interested  are  referred  to  one  of  the  maJiy  standard  texts  on  the  subject.  However  a qualitative 
visu.ali.satlon  of  the  principles  Involved  is  necessary  to  bring  the  technological  problems  into  perspective. 

The  basic  principle  1s  that  a suitable  accelerometer  can  produce  an  output  which  can  be  integrated 
successively  to  give  velocity  and  displacement  along  the  axis  of  measurement.  (Figure  1)  Clearly  an 
orthagonal  triad  of  Instruments  in  free  apace  can  produce  three  components  from  which  a single  acceleration, 
velocity  or  displacement  can  be  derived. 

Applying  this  principle  to  an  aircraft  moving  on  the  earth's  surface  introduces  the  problem  that  an 
accelerometer  tilted  from  the  local  vertical  will  also  sense  a component  of  'g':  see  Figure  2.  There  is 

thus  a need  either  to  maintain  the  triad  aligned  to  the  vertical,  or  to  know  the  misalignment  and  com- 
pensate for  it. 

In  state  of  the  art  glmbaled  systems  this  is  achieved  by  mounting  the  sensors  on  a platform  stabilized 
against  aircraft  rotational  movements  by  means  of  gyroscopes.  In  the  present  example  these  are  'single 
degree  of  freedom'  instruments.  Thus  the  Instrument  'cluster'  consists  of  three  gyroscopes  and  three 
accelerometers.  (See  Figure  3.) 

Each  gyroscope  is  essentially  a directional  'memory'  which  provides  a space  reference  about  its 
sensitive  axis.  But  an  important  feature  is  that  by  the  application  of  a known  torque  the  gyroscopic 
reference  can  be  caused  to  precess  at  a known  rate. 

The  long  terra  vertical  must  be  maintained  by  some  mechanism  which  is  independent  of  accelerations 
caused  by  vehicle  motion,  the  task  being  to  prevent  tilt  components  from  arising.  This  is  accomplished 
(Figure  4)  by  the  classical  'Schuler  loop',  in  which  the  accelerometer/gyro  combination  is  caused  to  have 
a natural  frequency  similar  to  that  of  a pendulum  of  earth's  radius  R.  This  is  of  the  order  of  84  minutes. 


In  the  example  being  considered  the  platform  is  mechanized  as  follows 

(a)  The  azimuth  gyroscope  is  used  to  provide  a directional  memory,  torqued  to  offset  the 
effects  of  earth's  rotation.  It  stabilizes  the  azimuth  gimbal  to  true  north.  Hence, 
the  two  vertical  channels  operate  in  N-S  and  E-W  axes, 

(b)  Components  of  the  vertical  gyro  outputs  are  used  to  stabilize  the  cluster  against  roll  and 
pitch  disturbances. 

(c)  As  a refinement  there  is  a second  redundant  roll  gimbal  so  that  the  complete  gimbal  set 
is  fully  aerobatic  and  cannot  lock  due  to  a Hookes  Joint  effect  in  the  presence  of  a 90 
displacement,  as  for  example  in  a loop, 

(d)  The  accelerometer  outputs  are  corrected  for  Coriolis  acceleration  etc. 

(e)  By  means  of  a computer  initialised  to  starting  position  the  N-S  and  E-W  velocities  are 
Integrated  and  converted  to  give  continuous  position  data  in  latitude/longitude. 

(f)  The  gyroscopes  are  all  torqued  to  offset  computed  earth's  rotation  effects,  and  the 
angular  orientation  changes  to  compensate  for  movement  over  the  earth's  surface  are 
similarly  introduced. 

In  the  above  system  the  platform  is  'north  slaved';  l.e.  the  horizontal  accelerometers  actually 
operate  N-S  and  E-W  at  all  times.  However  it  is  not  always  the  practice  to  achieve  this  by  torquing  the 
azimuth  gyro.  In  'free'  or  'wander  azimuth'  systems  the  horizontal  channels  are  permitted  to  assume  an 
arbitrary  orientation  in  azimuth.  Provided  that  this  is  known  at  all  times  the  computer  has  simply  to 
resolve  the  two  measured  components  to  derive  N-S  and  E-W  velocities,  and  hence  change  of  latitude  or 
longitude . 
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2.2  Strap-hown  Mechani/.ation 

In  tho  conventional  ^iabaled  system  the  instrument  'cluster*  is  maintained  physically  oriented  to 
the  vertical  by  moans  of  the  timbal  system,  and  so  isolated  from  aircraft  iDotlon.  However  an  alternative 
is  clearly  to  mount  the  sensors  on  the  airframe  Itself  in  which  case  the  rotational  and  acceleration 
effects  due  to  aircraft  motion  will  apfiear  in  their  outputs. 

It  is  possible  to  remove  these  effects  by  data  processlnf?:  effectively  the  irinbal  system  is 

mechanized  electronically.  However  this  solution  Introduces  further  problems.  For  example  most  types  of 
Inertial  gyroscope  have  a small  physical  arc  of  measurement:  they  are  normally  operated  in  a nulled 

condition  throu4?r>  iHe  action  of  the  gimbals,  needing  only  to  be  processed  to  take  account  of  earth's 
rotation,  or  vehicle  motion  around  the  earth. 

Witen  strap{)ed  down  to  the  airframe  the  ir>roaco|)es  must  accept  hi^  torquin^  sisals  so  that  they 
process  at  the  full  airfranx*  rotation  rates.  Ttiis  involves  accurate  torquin^T  about  known  axes  at  rates 
of  say  up  to  300^ 'sec  instead  of  say  30  pt^r  hour,  which  has  considerable  design  repercussions. 


2.3  Initial  Azimuth  Alignment 

The  accuracy  of  ;in  inertial  navigator  de{>ends  on  the  orientation  of  the  instrument  cluster  being 
precisely  known  in  azimuth.  An  initial  azimuth  error  has  a number  of  effects.  First  order  it  introduces 
a navigation  error  cross-track.  Hut  it  also  causes  t.'ie  incorrect  introduction  of  corrective  torques  to 
the  gxroscopcs.  Hlth  a resultant  complex  propagation  of  system  errors  in  flight. 

In  practice  the  precision  of  azimuth  alignment  sougtit  is  of  the  order  of  4-G  minutes  arc. 

The  process  normally  used  is  g> ro-compassing. 

It  is  simplest  to  visualise  the  system  in  the  aircraft,  stationary,  at  a known  ramp  po.sition.  with 
the  N-S  and  K W navigation  channels  aligned  geographically,  but  with  a small  error.  The  platform  is 
aligned  to  the  vertical. 

The  effect  of  earth's  rotation  is  to  cause  the  platform  to  attempt  to  'topple*  about  the  local 
meridian,  i e.  The  K-Vs  channel  sees  th<»  full  effect  of  earth's  rate,  while  the  N-S  channel  sees  only 
a small  component,  due  to  the  azimuth  error. 

In  its  simplest  form  the  gyro-compassing  process  consists  of  torquing  the  azimuth  gyro  in  s sense 
to  reduce  this  signal  to  zero.  It  will  be  observed  that: 

(a)  Hie  vertical  gyroscopes  must  have  a drift  signif icantly  lower  than  the  rate  being  sensed: 
essentially  this  Implies  full  IN  performance. 

Cb ) Aircraft  buffeting  will  introduce  noise  into  the  loop:  this  accelerometer  noise  roust  be 

filtered  out. 

(c)  If  the  vertical  gyroscopes  are  drifting  the  drift  in  the  E-W  channel  can  be  calibrated. 

Any  drift  in  the  N-S  channel  is  indistinguishable  from  an  azimuth  error. 

Clearly  It  is  not  vital  to  physically  rotate  the  platform.  Many  systems  oi>erate  on  the  free  azimuth 
principle  in  which  case  data  processing  is  used  to  deduce  the  cluster  alignment  relative  to  north,  and 
to  filter  out  thf?  effects  of  noise. 


2.4  Compensation  for  Errors 

2.4.1  Errors  arise  in  gyro-compassing,  and  in  subsequent  navigation,  from  a variety  of  causes  including: 

fa)  Unknown  gyroscopic  drifts. 

fb)  Incorrect  torquing  of  gyros,  for  example  due  to  the  scale  factor  of  the  torquers  themselves. 

fc)  Accelerometer  errors. 

fd)  Errors  in  electronic  Interfaces. 

2.4.2  In  considering  the  errors  it  is  important  to  appreciate  the  small  magnitudes  which  are  significant 
in  Inertial  Navigation.  Table  1 giv< s some  simple  relationships  to  indicate  the  orders  of  magnitude 
involved. 

Gyroscope  drifts  are  significant  in  several  respects: 

<a)  A random  component  is  significant  in  that  it  cannot  be  compensated. 

fb)  A day  to  day  component,  appearing  from  one  warm-up  to  another,  can  possibly  be  compensated. 

fc)  A knowrn  consistent  bias  can  be  catered  for. 

2.4.3  Two  separate  approaches  have  been  adopted  in  state  of  the-  art  systems. 
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(a)  To  manuf iicture  InstruiDcnts  with  minimum  random  drift  but  take  some  advantage  of  the 
nhillty  to  measure  performance  on  the  ground  and  compensate. 

(b)  Cluster  rotation,  in  whlcli  the  whole  instrument  cluster  is  turned  in  a defined  manner. 

In  alignment  this  enables  drifts  to  be  measured  more  comprehensively.  The  restrictions 
in  2.3  (e)  do  not  apply.  In  flight  drift  effects  tend  to  'commutate  out'. 

It  should  be  pointed  out  Unit  systems  of  type  (a)  above  can  be  submitted  to  a ground  calibration  if 
the  platform  is  precessed  in  azimuth  and  measurements  taken  at  more  than  one  orientation. 

liut  ground  running  of  this  kind  is  time-consuming  and  operationally  inconvenient.  In  the  limit  it 
approaches  scheduled  maintenance. 

The  various  manufacturers  use  combinations  of  techniques  to  contain  the  problems  of  gyroscope  drift. 

The  technique  employed  by  Ferranti  Limited  is  to  emphasise  intrinsic  instrument  performance  so  that 
3tX!Cinl  calibration  procedures  are  unnecessary  in  normal  fast  response  military  operations. 

.See  Reference  1 reg.irdltig  this,  and  the  technique  of  rapid  alignment. 


3.  I.VEHTIAL  C:i-nO.SCOI>F:.S  AM)  ACCFUIROiffiTliRS 
3.1  Gener.nl  mnciples 

The  general  principles  of  the  gyrosco[)e  are  well  known.  A rotating  wheel  has  'rigidity  in  space', 
l.e.  in  its  perfect  form  its  axis  will  point  at  a fixed  point  in  space. 

o 

An  applied  torque  will  cause  the  wheel  to  process  about  an  axis  90  removed  from  the  axis  of 
appl ication. 

This  is  the  basis  by  which  a gyroscope  can  be  torqued  to  any  desired  alignment,  but  also  of  course 
a potential  error  mechanism.  Applied  terques  due  to  friction  in  the  suspension,  mass  unbalance,  etc  all 
cause  drifts. 

The  essence  of  the  design  of  an  inertial  gyrosco|)e  is  to  minimise  these  drifts,  and  to  make  them 
several  orders  smaller  than  those  encountered  in  conventional  aircraft  vertical  or  directional  gyroscopes. 

In  practice  some  types  of  gyroscope  are  designed  to  produce  measurements  about  one  axis  only,  others 
about  two.  These  are  known  as  single  and  two  degree  of  freedom  gyroscopes. 


3.2  Floated  Gyroscofjos 

In  conventional  non-Inertlal  gyroscopes  the  rotating  wheel  is  supported  by  carrying  its  bearings  on 
gimbals  which  permit  the  .axis  to  take  up  any  desired  position  irrespective  of  the  motion  of  the  supporting 
base.  However  any  frictional  torques  generated  by  the  glrabal  system  itself  result  in  drifts.  This  led 
to  the  concept  embodied  in  the  first  Inertial  gyroscopes,  which  was  to  use  floatation  as  a method  of 
frictionless  support. 

A single  degree  of  freedom  floated  gyroscope  is  shown  diagranunatically  in  Figure  5.  The  rotating 
wheel  together  with  its  motor  are  contained  in  a cylindrical  float  which  is  in  turn  contained  in  a 
housing.  The  latter  is  filled  with  a liquid  of  high  density  such  that  at  the  design  operating  temperature 
the  float  assembly  is  neutrally  buoyant.  The  device  behaves  as  a rate  gyroscope  in  that  when  it  is 
rotated  about  its  measuring  axis  the  float  rotates  in  the  housing,  still  supported  by  the  fluid.  In 
conventional  rate  gyroscopes  such  rotation  is  opposed  by  a spring  restraint,  spring  deflection  being  a 
function  of  angular  rate.  But  in  this  case  the  restraint  is  viscous,  which  leads  to  an  integrating  action 
such  that  the  angular  displacement  of  the  float  is  proportional  to  the  rotation  about  the  input  axis.  The 
former  can  thus  be  detected  by  a pick-off  as  an  indication  of  the  latter. 

Such  single  degree  freedom  rate  Integrating  gyroscopes  are  both  accurate  and  suited  to  operations  in 
rugged  environments.  The  Instrument  includes  a torquer  capable  of  producing  the  rotation  desired  to 
orientate  the  Instrument.  ITils  in  turn  implies  orientating  the  platform,  since  the  gimbal  servos  of  the 
latter  operate  in  response  to  the  pick-off  outputs. 

In  an  aircraft  inertial  system  the  platform  carries  three  such  sensors  as  well  as  the  associated 
accelerometers. 

The  alignment  of  the  float  within  the  housing  is  maintained  by  a suspension,  a simple  pivot  arrange- 
ment in  the  case  of  Ferranti  instruments. 

The  fact  that  the  instrument  has  a single  defined  operating  temperature  has  led  to  the  general 
acceptance  that  the  platform  and  gyros  must  be  at  operational  temperature  before  navigation  can  commence. 
This  in  turn  has  led  to  the  provision  of  rapid  heating  arrangements  to  bring  the  whole  assembly  up  to 
temperature  as  part  of  the  Initial  pre-flight  alignment  process.  This  has  been  one  of  the  dominant 
factors  fixing  state  of  the  art  alignment  times  at  between  lO  and  15  minutes.  However  recent  work  by 
Ferranti  Limited  (Reference  1 ) has  resulted  in  much  shorter  alignment  times  of  the  order  of  2 minutes. 
Gyro-compassing  is  carried  with  the  gyros  at  the  temperature  found  at  switch-on  and  rapid  heating  to 
operational  temperature  is  applied  at  reduced  speed  during  alignment  and  accelerated  to  full  speed  for 
navigation.  The  reference  describes  the  complex  considerations  Involved  in  this  Improvement. 


An  extremely  large  number  of  two  degree  of  freedom  floated  gyroscopes  is  in  service  in  systems 


470 


manufncturod  by  Litton  (Hofercnre  2).  A platform  mochnniaed  with  two  such  instruments  can  of  course 
possess  four  measuring?  axes,  one  of  which  is  redundant. 

The  first  fronoration  inertial  systems  used  in  conunercial  aircraft  (Delro  and  Litton)  all  made  use 
of  floated  g'yroscopos.  Similarly  they  have  been  the  basis  of  the  early  jjeneratlon  military  systems,  many 
of  which  are  in  service.  They  have  been  us<*d  extensively  in  space  nppllcationb  and  marine  systems.  The 
^XJSsible  user  objection  has  been  that  sucli  instruments  have  to  be  manufactured  and  filled  with  fluid  in 
extremely  high  quality  clean  rooms  employing  skilled  |x*rsonn€‘l . T!jey  are  thus  not  a maintenance  pro- 
position in  a normal  avionics  workshop.  However  in  practire  this  has  proved  less  of  a disadvantage*  tlian 
was  sometimes  envisaged  because  of  the  very  long  life  and  hig!i  reliability  of  these  instruments,  wliich 
results  largely  from  their  rugged  construction  and  the  rare  introduced  in  thc*lr  manufacture*. 

Both  ball  bearings  and  gas  bearings  are  used  to  supp  >rt  the  wheel  in  floated  g>'roscopes,  def)endlr;g 
on  the  application  and  a number  of  detailed  considerations  bc*yond  the  scope  of  this  paper. 


3.3  Tuned  Hotor  Gyroacoiies 

For  many  years  it  has  seemed  attractive  to  develop  a dry  gyroscope  mid  thus  escai>e  the  constraints 

of  the  floatation  principle.  In  practice  the  dry  instruments  wliicli  have  now  entered  production  and 

service  on  a large  scale  are  of  the  tuned  rotor  conf Iguratlon.  Tlie  oj»erating  principles  are  described  in 
detail  in  Reference  3. 

In  a typical  dynamically  tuned  instrument  (Figuri*  »> ) the  drive  motor  and  its  l)c*arings  form  the  base 
of  the  unit.  The  shaft  carries  a structure  resembling  a universal  joint.  It  supi)orts  an  annular  ring 
free  to  pivot  about  one  axis  perj>endlcular  to  the  axis  of  rotation.  Tlie  former  then  carries  a second  set 
of  pivots  at  90  to  the  first  and  supporting  the  rotor.  Such  gyrostopos,  embodying  universal  or  Hooks 
joints  have  been  in  use  for  many  years  in  gyroscopic  gun  sights. 

The  property  of  this  arrangement  is  that  when  the  joint  is  spun  at  filgh  speed  by  the  shaft  the 
angular  momentum  of  the  rotor  causes  it  to  resist  chang<‘S  in  its  attitude.  If  the  case  i.s  displaced 
through  a small  angle  this  in  turn  causes  the  glmbal  to  oscillate.  In  fact  there  is  an  effective  torsional 
restraint  between  rotor  and  non-rotating  reference.  This  torsional  restraint,  produced  dyn.'imically , has 
a negative  co-efficient  of  spring  rate,  and  is  a function  of  girabal  inertias  and  rotation  speed. 

In  a practical  design  the  ball  bearings  and  half  axles  which  would  constitute  a normal  universal 

Joint  are  replaced  by  torsional  elements  with  a positive  co-efficient  of  spring  rate.  By  suitable 

selection  of  this  spring  rate  and  the  gimbal  Inertias  tlie  dynamically  induced  spring  rate  cancels  that  of 
the  physical  torsional  springs  at  the  selected  speed  of  rotation. 

In  effect  the  rotor  is  provided  with  a frictionless  gimbal  syst<*m  imposing  extremely  low  torques  on 
the  rotor,  which  consequently  la  less  liable  to  drift. 

By  a suitable  pick-off  arrangement  such  a device  can  be  used  as  a two  degree  of  freedom  gyroscope 
having  limited  freedom,  and  suitable  for  employment  in  a platform  in  a manner  similar  to  that  of  floated 
gyroscopes.  It  can  also  be  torqued  by  the  provision  of  a suitable  torquer.  Both  electromagnetic  and 
electrostatic  torquers  have  been  used. 

The  most  difficult  design  problems  are  posed  by  tL«'*  hlngr*  arrangement  itself. 

Among  the  advantages  claimed  for  dry  instruments  are  a smaller  number  of  functional  parts  and  the 
fact  that  the  drive  motor  is  outside  the  gimbal  system  rather  than  within  it. 

There  is  a considerable  amount  of  published  literature  regarding  the  analysis  of  the  dynamics  of 
these  instruments,  which  is  complex.  The  interest  Is  to  isolate  possible  sources  of  error  and  adjust 
the  design  to  minimise  them.  In  particular  shaft  vibrations  can  be  induced  by  the  imi>erf ections  Inlierent 
in  the  bearings.  There  Is  a particulai'  mechanism  which  results  in  errors  induced  by  vibrations  occurring 
at  frequencies  equal  to  twice  spin  frequency.  Damping  effects  and  operation  of  the  gyro  at  a spin  speed 
different  from  the  tuned  speed  can  cause  errors.  There  can  be  temperature  effects  on  torquers  and 

pick-offs . 

An  interesting  variation  of  the  tuned  rotor  principle  is  found  in  the  Ferranti  oscillo-gyro.  This 
instrument  comprises  a single  axis  susf^ension  cjirrying  a rotating  bar,  the  position  of  which  can  be 
detected  by  a pick-off.  While  the  element  operates  in  only  one  axis  relative  to  the  shaft  a two  axis 
output  can  of  course  be  obtained  on  a time  sharing  basi.s,  and  the  instrument  thus  behaves  like  a two 
degree  of  freedom  gyroscope. 

It  has  also  been  pointed  out  in  the  literature  that  multiple  gimbal  arrangements  are  feasible  and 
a possible  method  of  containing  some  of  the  error  sources. 


3.4  Unconventional  Gyroscopes 
3.4,1  Electrostatic  Gyros 

Reference  4 gives  more  details  of  the  evolution  of  this  technology.  Both  gimbaled  and  strap-down 
applications  are  under  development. 

The  instrument  consists  typically  of  a spherical  envelope  enclosing  a rotor,  the  whole  being 
evacuated.  The  envelope  includes  electrodes  and  the  rotor  Is  suspended  in  the  chamber  by  the  forces  of 
electrical  attraction.  Tnere  Is  a feedback  system  which  controls  the  susr^nsion  to  keep  the  rotor  centred. 
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Once  suspended  the  rotor  is  brought  up  to  operating  speed  by  a rotating  magnetic  field  In  a manner 
similar  to  an  Induction  motor.  Since  the  suspension  Is  frlctlonless  no  additional  spin  power  Is  required 
once  the  rotor  Is  up  to  speed.  Arrangements  are  made  to  damp  any  rotor  nutation. 

Optical  means  are  used  to  determine  the  position  of  the  rotor  within  the  housing.  In  a glmbaled 
system  any  misalignment  Is  removed  by  the  gimbal  servos.  An  Important  point  Is  that  the  ESG  rotors  are 
not  torqued.  Their  spin  axes  remain  essentially  fixed  In  Inertial  space  atnd  the  system  Is  therefore  a 
space  stable  system. 

When  an  ESG  is  used  In  a strapdown  application  an  optical  or  other  technique  must  be  employed  to 
determine  the  angular  rotor  position  relative  to  the  housing. 

The  advantages  claimed  of  the  E.SG  are  mechanical  simplicity  and  low  random  drift,  the  error  sources 
being  predictable  and  repeatable.  Errors  can  arise  from  mass  unbalance  or  magnetic  and  electric  fields. 


3.4.2  King  Laser  Gyroscopes 

This  Instrument  is  based  on  a ring  laser  having  two  light  beams  rotating  in  opposite  directions.  If 
the  device  is  rotated  about  an  axis  normal  to  the  plane  of  the  beams  a frequency  difference  between  them 
can  be  detected. 

The  development  of  this  device  has  Involved  tackling  a number  of  difficult  problems.  At  low  rates 
of  turn  frequency  locking  between  the  two  beams  tends  to  occur,  giving  the  effect  of  a threshold  below 
which  rates  cannot  be  measured.  The  technology  of  building  tubes  with  the  necessary  life  and  reliability 
is  Itself  difficult.  But  systems  based  on  the  ring  laser  now  exist  and  It  is  showing  promise  for  sti-ap- 
down  applications.  However  In  the  context  of  aircraft  Inertial  navigation  systems  and  their  impact  on 
air  traffic  control  the  laser  is  not  yet  sufficient. 


3.4.3  Other  Possibilities 

Free  rotor  gyroscopes,  using  spherical  gas  bearings,  have  been  used  in  aircraft  systems.  Vibrating 
elements  such  as  tuning  forks  can  be  used  to  sense  angular  velocities.  Gases  or  liquids  can  be  rotated, 
when  they  are  subject  to  the  usual  dynamic  forces  which  can  conceivably  be  detected.  It  has  been  suggested 
that  the  Inertial  properties  of  atomic  nuclei  could  be  used  as  the  basis  of  a sensor. 

While  work  on  unconventional  sensors  la  certain  to  continue  there  are  no  Immediate  indications  of 
their  Impending  use  In  systems  which  might  be  used  in  aircraft. 

The  glmbaled  system,  using  either  floated  or  tuned  rotor  gyroscopes,  is  likely  to  form  the  basis  of 
aircraft  navigation  for  many  years.  '.Vhlle  strapdown  systems  are  not  yet  developed  to  aircraft  standards 
of  accuracy  their  use  in  aircraft  references  for  flight  control  and  navigation  purposes  is  possible  in 
the-  future,  particularly  as  they  can  be  arr.lnged  to  achieve  a greater  variety  of  redundancy.  The  gyros 
used  In  these  systems  are  likely  to  be  elth'r  floated  or  tuned  rotor,  with  the  necessary  torquing 
provisions. 


3.S  Accelerometers. 

A typical  Inertial  quality  accelerometer  Is  shown  in  Figure  7.  .Such  a device  is  capable  of 
measuring  acceleration  along  a single  sensitive  axis,  2 or  3 being  Incorporated  In  the  Instrument  cluster 
depending  on  whether  a vertical  channel  is  desired. 

The  device  consists  basically  of  a pendulum.  Any  force  acting  along  the  measuring  axis  produces  a 
relative  motion  between  the  pendulum  arm  and  the  Instrument  case.  This  motion  is  sensed  electrically  and 
the  resultant  signal  is  amplified,  rectified  and  fed  to  a restoring  coil,  situated  In  the  field  of  permanent 
magnets,  such  that  a force  is  produced  which  opposes  and  restores  the  pendulum  to  its  null  position.  Thus 
current  passing  through  the  restoring  coll  Is  proportional  to  the  acceleration  force  applied  and  the  accelero- 
meter function  as  a force-feedback  servo. 

The  feedback  loop  must  be  stabilised  and  this  can  be  accomplished  by  viscous  damping  within  the 
Instrument.  Alternatively  there  are  Instruments  available  using  gas  damping  or  in  which  damping  is  achieved 
electronically. 

The  principle  characteristics  required  of  such  an  Instrument  are:- 

A large  dynamic  range,  typically  jf  20  g. 

-6 

Short  to  medium  term  stability  of  bias:  of  the  order  of  10  g. 

.Scale  factor  stability. 

Freedom  from  cross-coupling  effects. 

Accelerometer  development  has  concentrated  on  realising  this  class  of  accuracy  within  the  lainlmum 
weight  and  volume.  The  principle  problems  are  concerned  with  the  detailed  design  of  the  hinge,  restoring 
system  and  pick-off.  Roth  inductive  and  capacltlatlve  pick-off  systems  have  been  used.  In  the  example 
shown  the  pick-off  is  energised  normally  from  an  oscillator  in  the  range  15-20  K.  Hz. 
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4.  raRFORSlANCE  CONSIDERATIONS 
4.1  Specification  of  Accuracy 

The  parameter  most  commonly  used  to  specify  the  accuracy  of  an  inertial  navigation  system  is  CEP 
(Circle  of  Equal  Probability).  Tills  is  defined  as  the  radius  of  a circle  centred  at  the  aircraft's 
actual  position  within  which  507»  of  the  position  measured  by  the  INS  will  lie. 

It  was  pointed  out  by  Amacker  and  Mason  (Reference  5)  that  CEP  was  originally  adopted  as  the  stat- 
istical parameter  applied  to  determine  the  equal  probability  of  hit  or  miss  with  artillery  shells.  It  was 
carried  forward  with  the  development  of  missiles  and  their  guidance  systems. 

CEP  Is  still  the  most  commonly  used  terminology  and  It  is  implied  in  such  statements  as  "A  One  Naut- 
ical Mile  Per  Hour  System".  But  Its  use  Involves  limitations  both  to  the  designer  of  an  Inertial  navig- 
ation system  and  to  the  operator  of  an  overall  air  traffic  control  system  within  wiiich  the  problem  Is  to 
assess  the  pathkeeping  accuracies  to  be  expected  from  different  aircraft  equipped  with  different  sorts  of 
systems.  The  simplest  way  to  assess  the  CEP  for  an  inertial  navigation  system  Is  to  check  the  aircraft's 
position  carefully  by  external  means  at  the  end  of  each  of  a series  of  flights.  The  measured  error  is 
divided  by  the  total  flight  time  to  give  tlie  rate  of  error  propagation  per  hour.  If  a sample  of  flights 
is  then  examined  the  CEP  in  nautical  miles  per  liour  Is  the  figure  within  which  one  half  of  the  measured 
flights  lie. 

Among  the  shortcomings  of  this  very  simple  minded  approach  are:- 


it  does  not  reveal  many  aspects  of  the  system  performance  for  the  benefit  of  the  designer  or 
those  requiring  to  assess  the  relative  [)erf ormances  of  different  systems.  This  requires  a 
much  more  comprehensive  treatment  allowing  the  results  to  be  displayed  in  a manner  which 
enables  them  to  be  related  to  the  error  sources. 

For  the  pursoses  of  assessing  navigation  capability  CEP  Is  not  an  exacting  enough  requirement. 
A more  probable  requirement  is  to  know  the  95%  error  which  can  be  anticipated  bearing  in  mind 
not  only  the  performance  of  the  system  but  the  possibility  of  flight  technical  error  etc. 


4.2  Assessment  of  Inertial  Navigation  Accuracy 

There  1s  a considerable  literature  describing  methods  of  assessing  the  accuracy  of  inertial 
navigation  systems.  Analytical  and  modelling  techniques  can  be  used  to  predict  accuracy  or  specific 
flight  trials  can  be  analysed. 

An  Important  point,  particularly  in  long  flights,  is  that  the  manner  in  which  the  errors  propagate 
Is  dependent  on  the  flight  path.  For  example  the  latitude  at  which  the  flight  takes  place  and  the  direction 
of  flight  both  affect  the  error  propagation  mechanism.  In  addition,  while  the  errors  propagate  with  time, 
they  do  not  do  so  in  a linear  manner.  Cyclic  errors  are  also  present. 

Reference  6 describes  work  carried  out  in  the  U.K.  by  the  Royal  Aircraft  Establishment,  and  indicates 
the  complexity  of  the  considerations  Involved.  It  describes  both  practical  flight  test  techniques  and  the 
production  of  a mathematical  model  of  an  Inertial  navigation  system.  The  model  concerned  contained  the 
following  error  sources  :- 

Gyro  drifts,  fixed,  variable  with  time  and  as  functions  of  flight  path  accelerations. 

Fixed  or  variable  accelerometer  biases. 

Gyro  torquing  .scale  factor  errors. 

Accelerometer  scale  factor  errors. 

Integration  erro.'s  and  biases. 

The  addition  of  errors  resulting  from  the  harmonisation  of  the  inertial  components  would  have 

further  complicated  th.-’  process,  but  In  practice  these  are  very  small,  of  the  order  of  20  arc 

seconds  1 sigma. 

A system  of  equations  is  derived  containing  all  the  commonly  kno'ii  periodic  error  patterns  for 
Inertial  systems,  Schuler  (84  .Minutes)  Diurnal  (24  hour)  and  Foucault  (36  hour).  These  are  not  all  sig- 
nificant on  any  given  case  but  all  exist. 

The  aim  of  any  flight  test  programme  to  establish  the  perfo.-mance  of  an  INS  la  to  discriminate 
between  the  results  of  various  error  sources.  The  authors  u.se  the  mathematical  model  to  produce  error 
curves  for  position  and  velocity  which  would  result  from  given  error  sources  and  the  given  flight  path. 

Tliese  simulated  error  curves  can  tlien  be  compared  with  the  observed  errors,  further  processing  of  the 
data  involving  weighting  the  error  sources  and  combining  tliem  until  a fit  Is  obtained. 

At  minimum  the  quick  visual  assessment  of  the  results  of  an  ine."tlal  trial  normally  demands  that 
they  be  presented  in  terras  of  N-S  and  E-W  position  and  velocity  errors,  which  enables  the  observer  to 
distinguish  between  the  two  navigation  channels.  An  example  is  given  in  Figure  8. 

Assessing  the  porform.ance  of  an  inertial  navigation  system  by  plotting  the  inertial  position  against 
Information  derived  from  external  fixes  is  obviously  the  basis  of  any  flight  test  technique,  oi  technique 
involving  the  analysis  of  navigation  data  from  more  than  one  aid.  Among  the  problems  encountered  in 
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doing  this  are  the  following:- 

(a)  The  errors  in  the  external  aids  are  critical.  In  practice  the  accuracy  oi  inertial  navigation 

la  sucti  that  It  is  often  difficult  to  secure  cross  checking  Information  of  the  required  accuracy. 
The  most  accurate  aids,  such  as  Decca  and  ground  tracking  radars,  have  limited  coverage  which 
is  a disadvantage  in  long  flights  by  fast  aircraft.  Reference  6 describes  the  combination 
of  information  from  a number  of  aids  *o  provide  a reference. 

(b)  The  frequency  with  which  the  position  data  can  be  acquired  is  also  critical.  Because  the 
inertial  errors  propagate  in  an  oscillatory  manner  the  characteristics  of  the  system  under 
test  may  be  concealed  by  too  low  a data  rate,  and  depending  on  the  position  of  an  observation 
relative  to  the  Schuler  oscillation  the  use  of  small  amounts  of  data  can  give  misleading 
conclusions.  The  method  u'^ed  to  derive  radio  position  errors  from  the  observations  is  also 
significant.  Reference  6 quotes  a procedure  for  inferring  the  shape  of  an  apparent  distribution 
from  the  ratio  of  the  geometric  mean  to  the  route  mean  square  of  the  sample.  Other  methods 
which  were  in  use  when  the  first  commercial  inertial  systems  were  evaluated  are  described  in 
Reference  5. 

Finally  it  is  of  interest  to  contrast  the  treatment  of  the  errors  in  an  inertial  navigation  system 
with  the  treatment  of  navigational  errors  in  general,  specifically  those  resulting  from  classical  nav- 
igation in  which  a human  operator  combines  Information  from  a number  of  aids  using  judgement.  This  subject 
was  treated  comprehensively  for  the  first  time  in  a paper  published  by  E.W.  Anderson  in  1952  (Reference  7). 

A further  paper  by  the  same  author  in  1971  (Reference  8)  gave  the  results  of  an  investigation  of  the 
distributions  that  arise  in  practice  when  navigation  errors  are  examined. 

These  papers  throw  an  Interesting  light  on  a controversy  which  arose  when  it  was  first  suggested  that 
inertial  navigation  might  be  used  as  tlio  sole  moans  of  navigation  in  long  oceanic  crossings.  It  was 
suggested  that  such  a system  would  be  acceptable  if  the  error  distribution  was  convex.  But  it  was  suggested 
that  in  a system  having  errors  increasing  with  time  the  trend  might  bo  towards  an  exponential  or  concave 
distribution.  The  question  was  whether  the  tails  or  skirts  of  the  pattern  would  be  significant  in  practice 
using  IN. 

With  hindsight  it  now  seems  possible  to  draw  the  following  conclusions: 

Inertial  performance  in  practice  has  proved  extremely  consistent  and  the  tails  of  the  distribution 
have  not  been  an  undue  embarrassment.  This  probably  reflects  the  consistency  with  which  such 
systems  can  be  manufactured  and  the  results  of  the  manufacturer's  efforts  to  include  pre-flight 
alignment  procedures  and  built-in  test  arrangements. 

While  some  blunders  have  occurred  the  availability  within  these  systems  of  a digital  computer  and 
flexible  man-machine  interface  have  served  to  minimise  them,  and  so  this  possible  cause  of  tails 
has  not  become  significant. 

Tlie  general  accuracy  of  the  system  has  Improved  by  a factor  of  2 or  3 as  the  technology  has 
improved. 

As  a result  of  all  the  above  the  earlier  pressures  to  bound  the  errors  of  inertial  navigation  by 
means  of  a long  range  radio  aid  have  not  been  successful,  and  operators  have  relied  on  similar 
rather  than  dissimilar  redundancy. 

When  it  was  first  suggested  that  inertial  navigation  systems  in  long  range  aircraft  shoulc  be  rein- 
forced by  long  range  radio  aids  most  thinking  was  in  terms  of  the  mixing  and  cross-comparison  being  carried 
out  by  the  crew.  .Subsequently  various  methods  of  treating  the  errors  within  a digital  computer  acting  as 
a multi-sensor  navigation  system  was  suggested.  The  computing  capability  required  for  such  multi-sensor 
systems  has  improved  progressively  over  the  years,  particularly  by  the  introduction  of  Kalman  filtering, 
which  makes  possible  an  extremely  sophisticated  treatment  of  the  error  model  Including  all  aids  used. 

New  aids  have  become  available,  partlcularl'  CftlEGA. 

But  the  results  achieved  in  practice  using  multiple  Inertial  navigation  systems  have  been  much  more 
spectacular  than  anticipated  and  the  indications  are  that  they  can  contain  current  or  immediately  proposed 
separation  standards.  It  has  not  proved  cost  effective  or  desirable  to  introduce  mixed  systems  on  any 
large  scale.  The  pure  inertial  navigator  has  scored  on  the  grounds  of  intrinsic  accuracy,  ease  of  operation, 
fault  diagnosis,  initial  cost  and  cost  of  ownership. 

The  only  exception  which  has  appeared  to  produce  dividends  in  practice  has  been  the  automatic  updating 
of  Inertial  information  by  DME  ranges  for  area  navigation  purposes  in  airways  structures  having  the 
necessary  deployment  of  DMK.  This  at  present  applies  only  to  the  U..S.A.  It  has  also  been  proposed  that 
Inertial  and  ILR  information  should  be  combined  for  approach  pur|x>ses  to  contain  beam  bends  in  the  latter. 


5.  Electronics  and  Computation 

An  inertial  navigator  requires  the  mechanisation  of  a series  of  equations  for  alignment  and  navigation 
(Reference  9),  including  the  generation  of  correction  terras.  In  practice  these  must  take  account  of  earth's 
radius  to  the  extent  of  allowing  for  the  form  of  the  earth  and  aircraft  altitude  if  maximum  accuracy  is 
desired.  The  computation  rates  required  are  not  particularly  exacting.  For  this  reason  it  was  found 
possible  to  mechanise  early  inertial  navigators  using  analogue  computers,  the  main  problem  being  to  secure 
the  necessary  standards  of  accuracy. 

However  the  development  of  inertial  navigation  systems  has  coincided  with  rapid  progress  in  micro- 
electronics. Tliis  in  tuin  has  made  it  possible  to  produce  small  inexpensive  digital  processors. 
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Some  of  the  earliest  dig-ltal  Inertial  navi^tlon  aystema  were  based  on  the  DDA  (Digital  Differential 
Analyser),  Subsequent  equiianents  employed  general  purpose  processors  Including  core  store  memories.  But 
the  developmet.t  of  digital  components  has  been  extremely  rapid  and  the  latest  machines  are  universally 
based  on  solli.  state  memories.  In  addition  medium  or  large  scale  Integration  of  electronic  functions  on 
a single  silicon  ctilp  has  reduced  the  number  of  packages  in  the  typical  processor.  As  a result  the  memory 
capacity  and  computing  power  available  in  most  Inertial  navigation  systems  has  reached  a level  at  which 
spare  capacity  is  available. 

The  principle  tasks  undertaken  by  the  processor  are:- 

Handlliig  the  Inputs  from  the  accelerometers  after  these  have  been  converted  into  digital  form,  and 

possibly  Integrated. 

Generating  commands  to  torque  the  inertial  gyros  through  a desired  angle. 

Handling  the  basic  equations  to  generate  correction  terms. 

Co-ordinate  transformations,  for  example  in  the  case  of  the  free  azimuth  system. 

System  self-test,  reasonableness  checks  etc. 

Hou'jekeeping  duties  associated  with  the  control  and  display  unit.  Great  circle  calculations  for 

guidance  between  way-points. 

The  most  critical  design  area  is  concerned  with  precision  electronics  forming  the  interface  between 
the  processor  and  the  sensors  in  the  platform.  Other  electronic  functions  include  the  provision  of  a 
number  of  special  Internal  power  supplies  and  platform  environmental  control. 

The  presence  of  an  integrating  function  wltliin  an  INS  means  that  time  is  a significant  parameter, 
and  that  interruptions  of  the  integration  process  cannot  be  tolerated,  It  is  therefore  standard  practice 
to  input  redundant  power  supplies.  For  example  the  Arinc  561  systems  operate  normally  on  400  Hz  AC  supplies. 
A special  external  battery  is  provided  and  maintained  in  a state  of  constant  charge.  Should  the  primary 
supply  be  Interrupted  the  system  reverts  automatically  to  the  battery.  Alternatively  an  IN.S  can  be 
powered  normally  from  a high  integrity  X supply.  The  largest  power  demand  is  concerned  with  rapid  heating 
in  the  event  of  a start  up  from  cold  conditions.  This  can  be  drawn  from  an  aircraft  AC  supply  of  lower 
integrity. 

Within  the  system  there  are  generated  critical  DC  supplies  for  the  gyro  spin  motors  ^ since  the 
instrumental  accuracy  depends  on  the  precision  with  which  the  design  rotation  speed  is  achieved  and  main- 
tained. A special  supply  driven  from  a precision  oscillator,  which  may  be  associated  with  the  computer, 
is  therefore  used. 


6.  Conclusion 

The  essence  of  inertial  navigation  technology  is  the  mechanisation  of  some  well  defined  tasks  in  a 
highly  precise  manner.  There  is  no  escape  from  this  precision  if  a given  standard  of  performance  is  to  be 
achieved. 

For  this  reason  the  development  of  the  basic  inertial  instruments,  particularly  gyroscopes,  has  been 
an  evolutionary  process.  The  cycle  from  the  first  attempt  to  construct  an  instrument  using  given  principles 
to  the  achievement  of  the  desired  accuracy  on  a production  basis  lasts  many  years,  and  it  is  necessary  to 
produce  relatively  large  numbers  of  Instruments  before  a given  accuracy  standard  can  be  established  with 
confidence.  The  exacting  accuracy  requirements  Involved  themselves  create  testing  problems.  The  perform- 
ance of  an  Instrument  has  to  be  assessed  on  a statistical  basis  as  has  the  performance  of  a final  system. 

The  cost  of  inertial  navigation  systems  has  fallen  progressively  over  the  last  decade  in  terms  of 
real  value.  But  attempts  to  produce  a dramatic  break  through  in  cost  have  not  succeeded.  It  has  been 
rare  to  find  a cost  improvement  between  two  successive  generations  much  in  excess  of  20%.  Production 
experience,  improving  the  yield  of  high  grade  Instruments  and  streamlining  production  and  test  techniques, 
has  been  as  significant  a factor  as  basic  design. 

The  development  of  the  associated  electronic  technologies  has  been  forced  by  applications  in  other 
fields.  The  designers  of  inertial  navigation  systems  have  taken  progressive  advantage  of  new  generations 
of  electronic  components  producing  larger  numbers  of  functions  per  package  with  higher  reliability.  These 
improvements  have  been  most  rapid  and  significant  in  the  area  of  digital  processing. 

For  the  operator  the  most  significant  improvements,  apart  from  accuracy,  have  concerned  operational 
flexibility  and  east;  of  maintenance.  The  former  include  improved  ability  to  align  pre-flight  in  a self- 
contained  gyro-compassing  mode.  Alignment  times  have  traditionally  been  of  the  order  of  10  to  15  minutes, 
but  systems  wilu  a rapid  alignment  mode  are  now  possible.  Tlie  latest  Ferranti  systems  include  such  a 
facility. 

Improvements  in  maintainability  have  been  most  marked  in  two  areas:  avoiding  special  setting  up  or 

calibration  procedures  as  much  as  possible  when  main  system  components  are  changed  and  providing  com- 
prehensive self-test  facilities.  Modern  systems  Include  a number  of  levels  of  built  in  test,  using  both 
special  purpose  hardware  and  the  facilities  of  the  digital  processor.  With  the  aid  of  the  latter  it  is 
possible  to  develop  codes  indicative  of  system  performance  or  malfunctions  in  specific  areas,  and  to  dis- 
play these  to  flight  crews  or  maintenance  personnel. 

In  the  present  context  of  manned  military  or  commercial  aircraft  operating  within  a total  ATC  system 
the  typical  inertial  navigation  installation  consists  of  one  or  more  glmbaled  platform  systems  using  floated 
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or  non-floatecl  ^rvroscopf's . It  Ik  |K)shU)1c  tliat  Ktr.appcM)  dowi»  systems  or  systonis  uslri^^  nov<*l  sonsorH  will 
ultimately  enter  this  field,  hut  there  are  no  immediate  indications  of  ttieir  aehievintj’  the  .standards  of 
performance  iiniJ  cost  rofiuired  to  hriiiff  this  al>out  . 

It  is  sometimes  su#'^,’t?.sted  that  n cost  effective  solution  to  navij.rntion  could  found  in  Jjybrid  systems 
usl{)^  software  filterln*:  to  combine*  a low  cost  lower  accuracy  Inertial  sensor  with  a number  of  availal)le 
radio  aids.  Tliis  has  so  far  not  hap;xuied,  pju'tly  hocau.so  of  tlu*  hi^,di  accuracy  of  pure  inertial  navij^^ation 
and  also  because  the  liyhrid  systems  so  far  proposed  have  not  been  able  to  r*f|unl  tin*  accuracy  and  versatility 
of  an  inertial  navij^ntor  at  a competitive  pri(*e,  ffiv«*n  the  nec*<!  to  op<^rate  ov'er  n wide  spectrum  of  routes. 
IVesent  day  system  ac'^uracit'S  have  proved  mor**  than  adequati*  for  lrnfis-or-**anic  s<*clors  on  the*  basis  of  pure 
IS,  as  well  as  providing'  a si^fnificanl  cn[)ability  for  operations  off  airways  in  continental  air  space.  Only 
the  most  accurate*  jfround  based  radio  aids  seem  capable  of  producinj*-  an  irnj>rovement  Justifying;  the  costs  of 
hyl)r Idisat ion.  For  oxampl<*  si^;nlf leant  bencfit.s  su'e  achievable  with  updating;  in  areas  in  which  the 

coveraK'C  adequate. 

It  has  also  b<*en  su^*;<>sted  that  an  inertial  romponerit  could  improve  flij;ht  ^ojidance  in  the  approach 
mode,  par lic'ularly  usinj;  relatively  lou  (juality  II, S facilities.  Th<*  extent  to  wliich  thi.s  kvlll  be  exf)loited 
in  the  future  depends  on  the  deploynwnt  of  hit'll  cjuallty  ILS,  and  later  M1,S  approach  systems. 

The  author  is  indebted  to  the  manaj;<*ment  of  Ferranti  Limited  for  jxrmi.ssion  to  publish  this  paix>r . 
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LANDING  GUIDANCE  SYSTEMS  3 

by  I 

Frank  B. Brady,  Aviation  Consultant  I 

600  Ni'w  Ilainpsliirc  Avomic,  N.W.,  Washington  D.C.  i 

j 

SUMMARY  ] 

This  publication  reviews  the  evolution  of  aircraft  landing  guidance  technology,  from  rudimentary  nondirec-  j 

tlonal  beacons  and  markers  in  the  1920's  through  the  development  and  installation  of  the  current  standard  I 

Instrument  landing  system  (ILS)  to  the  microwave  landing  systems  proposed  for  future  world  standardiza-  ; 

tlon.  The  major  milestones  in  lanulng  guidance  system  development  are  depicted  In  Figure  0.1. 

0. 1 EARLY  HISTORY  ' 

The  need  for  approach  and  landing  guidance  during  periods  of  restricted  visibility  was  recognized  soon  ^ 

after  the  end  of  World  War  I,  and  solutions  were  pursued  by  both  civilian  and  military  agencies.  The  | 

U.S.  Department  of  Commerce,  Bureau  of  Standards  experimented  with  a spark  transmitter  on  the  ground  and 
a direction  finder  in  the  aircraft.  In  1929,  under  Bureau  of  Standards  responsibility  and  Guggenheim 

Foundation  sponsorship,  Lt . James  Doolittle  made  a historic  blind  landing  with  the  system  diagrammed  in  , 

Figure  0.1(a).  A nondirectional  beacon  on  the  ground  actuated  a vibrating  reed  visual  indicator  in  the  1 

aircraft  to  guide  him  over  the  beacon,  at  which  point  he  turned  outbound,  descended  to  final  approach 

altitude  and  returned  to  the  beacon  station.  Upon  receipt  of  a low-frequency  vertical  marker  indication  j 

of  being  directly  over  the  station,  he  began  his  final  descent  along  a known  compass  course  from  the  | 

station.  Another  marker  beacon  (not  shown)  indicated  the  beginning  of  the  runway.  It  is  evident  that  j 

Doolittle's  approach  foreshadowed  the  approach  procedures  for  several  subsequent  systems.  j 

In  1934,  the  U.S.  Army  developed  the  A-1,  a radio-compass  locator-marker  system,  shown  in  Figure  0.1(b). 

The  pilot  tuned  his  left-right  radio  compass  to  an  outer  station  located  along  the  extension  of  the  runway 
centerline  and  maintained  altitude  until  a marker  beacon  lighted  a lamp  in  the  cockpit,  indicating  he  was 
directly  over  the  station.  He  then  tuned  to  the  inner  station,  also  along  the  extended  runway  centerline, 
and  descended  to  a specified  approach  altitude.  The  inner  marker  beacon  signalled  his  proximity  to  the 
landing  field. 

It  was  generally  recognized,  however,  that  some  form  of  continuous  glidepath  guidance  was  needed.  ^ 

Pioneering  work  was  done  along  these  lines  In  Germany  by  Dr.  Ernst  Kramer,  who  developed  a Lorenz-system 

constant-intensity  glide  path  that  the  aircraft  followed  via  aural  (dot-dash)  and  visual  (metered  needle) 

instruments  Indicating  fly-left,  fly-right,  or  on-course.  The  glide  slope  was  merely  the  underside  of 

the  beam  envelope  produced  by  the  localizer.  See  figure  0.1  (c) . Versions  of  the  Lorenz  system  were 

tested  by  the  U.S.  Bureau  of  Standards  In  1931  and  the  Bureau  of  Air  Commerce  in  1937,  and  were  Installed 

at  airports  in  Germany,  the  U.K. , and  the  U.  S.  But  success  was  elusive,  mostly  because  of  multipath 

interference  about  which  little  was  known. 

The  Lorenz  constant-intensity  glide  path  was  abandoned  in  favor  of  equisignal  straightline  glide-slope 
and  localizer  courses,  each  formed  by  the  intersection  of  two  beams.  The  U.S.  Bureau  of  Air  Commerce, 

Civil  Aviation  Administration  (CAA)  supervised  research  and  development  on  an  equisignal  system  used  in 
conjunction  with  an  independent,  redundant  system  of  outer  and  inner  locator-station  marker  beacons, 
shown  in  Figure  0.1(d).  This  was  the  forerunner  of  the  ILS. 

World  War  II  Intensified  development  of  all-weather  landing  guidance  technology  on  both  sides,  including 
automatic  landings,  militarized  ILS,  ground  controlled  approach  (CCA)  and  use  of  microwaves.  The  U.S. 

Array  version  of  ILS  was  the  transportable  SCS-51,  Illustrated  in  Figure  0.1(e).  This  became  the  standard 
for  larger  aircraft  at  major  airbases. 

The  preclsion-approaci  radar  GCA,  the  other  standard,  was  the  primary  landing  system  in  most  military 
applications.  The  GCA,  as  shown  in  Figure  0.1(f),  relied  on  radar  fixes  of  the  incoming  aircraft  to  enable 
a ground  controller  to  guide  the  pilot  to  a landing  via  a radio  voice  link.  There  were  both  fixed  and 
mobile  versions,  and  GCA  could  be  employed  almost  anywhere  and  with  any  type  of  aircraft,  at  remote 
tactical  airstrips  and  aboard  aircraft  carriers.  It  was  especially  valuable  in  all-weather  landing  for 
minimally  equipped  aircraft  or  less  experienced  (illots,  as  well  as  a backup  for  ILS. 

The  AN/SPN  series  of  aircraft-carrier  GCA  landing  systems,  depicted  in  Figure  0.1(g),  were  developed  in 
which  optical  systems  were  added  to  compensate  for  deck  motion  during  the  final  approach,  ground  controllers 
gave  way  to  computers  and  data-link  systems  capable  of  automatic  landing  guidance,  and  microwave  scanning 
was  introduced  to  increase  range,  capacity  and  accuracy. 

0.2  INSTRUME.NT  LANDING  SYSTEM 

Soon  after  the  end  of  World  War  II,  the  ILS  was  adopted  by  the  newly  formed  International  Commercial 
Aviation  Organization  (ICAO)  as  the  standard  approach  and  landing  guidance  system  for  international  civil 

use.  It  is  still  the  standard  system  and  is  installed  at  over  500  major  airports  throughout  the  world.  ■ 

The  fully  equipped  ILS,  shown  in  Figure  O.lfh),  consists  of  a localizer  ground  transmitter,  a glide-slope 

ground  transmitter,  marker  beacons,  plus  an  independent  distance  measuring  equipment  (DME  - not  shown  in  [ 

the  figure),  all  of  which  work  in  conjunctio.n  vlth  counterpart  airborne  equipment.  The  ILS  uses  VHF/UHF  i! 

frequencies  on  20  channels,  one  channel  for  eaci  installation.  : 
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llie  localizer  ancenna  array  generates  a straight  and  narrow  azimuth  course  via  Intersection  of  two  equi- 
slgnal  beams  modulated  to  produce  fly-left,  fly-rlght,  or  on-course  Indications  In  the  cockpit.  The 
glide-slope  antennas  provide  a glide  path  In  essentially  the  same  manner;  however,  the  equlsignal  technique 
was  replaced  \/lth  a null-reference  technique  In  1953  In  order  to  reduce  glide-path  angle  variations  due 
to  snow  buildup  or  tidal  action  In  the  ground  plane,  since  the  glide-slope  signal  depends  on  ground 
reflection  for  the  formation  of  its  beams. 

For  the  lowest  performance  Installations  (Category  1)  the  outer  marker,  located  4 to  7 miles  from  the  run- 
way, provides  an  independent  check  on  the  specified  approach  altitude  versus  position,  and  signals  the 
pilot  to  start  descent  on  the  glide  path.  The  middle  marker,  located  less  than  a mile  from  the  runway 
threshold,  signals  decision  height  (of  about  200  feet  In  altitude);  the  pilot  aborts  the  landing  if  he  has 
net  yet  visually  acquired  the  runway.  An  inner  marker  may  be  installed  at  higher  performance  facilities 
(CAT  II  or  III)  to  signal  a lower  decision  height  of  about  50  feet. 

The  glide-slope  antenna  Is  located  adjacent  to  the  runway  opposite  the  glide-path  Intercept  point  (GPIP)  in 
order  to  direct  the  aircraft  to  the  touchdown  zone. 

Because  the  heavier  and  faster  aircraft  of  today  require  a flared  approach  In  the  last  seconds  of  flight 
to  enable  a smooth  touchdown,  a DMK  may  be  Installed  at  CAT  111  facilities.  DMK,  essentially  an  L-band 
transponder  that  replies  to  aircraft  interrogation,  primarily  provides  an  independent  and  continual 
measure  of  range  to  the  end  of  the  runway,  but  also  can  be  used  in  conjunction  with  a radio  altimeter  to 
lower  the  decision  height  to  only  a few  feet  for  flare  guidance. 

In  addition  to  ILS,  airports  over  the  years  have  been  provided  with  a standard  system  of  approach,  runway 
edge,  and  centerline  lights,  plus  painted  markings,  all  In  order  to  enhance  airport  visibility  necessary 
for  the  final  phase  of  landing.  Attempts  also  have  been  made  at  fcg  dispersal. 

0.3  NEED  FOR  A NEW  SYSTEM 

Despite  over  30  years  of  successful  use  plus  continuing  research  and  development  for  improvements,  the  ILS 
has  several  inherent  limitations  which  have  precluded  its  universal  use  and  restrict  its  future  life. 

One  problem  is  siting.  In  order  to  Install  an  ILS,  the  ground  plane  beyond  the  runway  often  must  be  ex- 
tended, at  great  expense  If  possible  at  all.  And  the  glide-slope  and  localizer  signals  arc  both  adversely 
affected  by  reflecting  objects  such  as  hangars  and  Intervening  aircraft.  Also,  snow  and  tidal  reflections 
can  still  appreciably  affect  the  glide-path  angle  at  some  Installations.  Another  problem  is  that  the 
limited  channels  available  In  the  VHF/UHF  bands  of  the  frequency  spectrum  restrict  the  number  of  inter- 
ference-free Installatl  ms  in  a geographic  region.  Also,  ILS  Is  limited  to  a single  course,  usually  over 
an  extension  of  the  runway  centerline,  which  prevents  routing  flights  in  curved  or  segmented  approaches 
for  aircraft  separation,  obstruction  clearance,  and  noise  abatement.  In  addition,  military  requirements 
for  small  or  portable  tactical  landing  systems  obviate  the  large  ILS  antenna  apertures  necessary  at  VHF/ 

UUF  frequencies,  which  incidentally  provide  less  signal  resolution  and  hence  less  accurancy. 

0.4  MICROWAVE  LANDING  SYSTEM 


The  foregoing  limitations  of  ILS  have  given  Impetus  to  development  of  diverse  landing  systems,  both  civil 
and  military,  and  mostly  employing  the  microwave  frequencies.  In  order  to  continue  and  reinforce  the 
universal  approach  to  a new  landing  system  and  to  prevent  adoption  of  a profusion  of  incompatible  systems 
by  different  countries  and  organizations,  an  International  body,  the  Radio  Technical  Commission  for 
Aeronautics  (RTCA)  produced  recommendations  in  the  form  of  performance  specifications  in  1970  for  a single 
microwave  landing  system  (MLS)  acceptable  to  all  aviation  interests.  ICAO  subsequently  adopted  essen- 
tially all  of  the  recommendations  and  instituted  a competitive  development  program.  Australia,  the 
Federal  Republic  of  Germany  (F.R.G.),  France,  the  United  Kingdom  (U.K.)  and  the  U.S.  are  submitting 
candidate  designs  to  ICAO  in  1975  for  selection  as  the  international  standard,  eventually  to  replace  ILS 
plus  the  various  military  systems  In  existence. 

The  advantages  of  MLS  are: 

• Fewer  adverse  siting  effects,  including  less  ground-plane  preparation 

• Flexible  approach  paths 

• Less  performance  degradation  due  to  multipath  effects 

• Greater  installation  density:  up  to  200  channels  at  C-band  versus  a maximum  of  40  for  ILS. 

• Possible  simultaneous  use  of  parallel  runways  due  to  greater  resolution  accuracy  and  greater  area 
coverage 

• Improved  flare  guidance 

• Portability  and  military  suitability  due  to  smaller  antenna  size  required  for  MLS 

• Potential  lower  costs  over  the  long  term 

All  basic  recommendations  for  MLS  Include  an  azimuth  (AZ)  transmitter-antenna  and  an  elevation  (EL)  trans- 
mitter-antenna (see  Figure  0.1(1))  as  the  minimum  service  for  CAT  I facilities.  The  AZ  antenna  array 
(equivalent  in  function  to  the  ILS  localizer)  usually  would  be  positioned  beyond  the  stop  end  of  the 
runway,  and  would  cover  a specified  volume  with  signals  that  any  equipped  aircraft  entering  the  volume 
could  convert  to  the  horizontal  angle  of  its  approach  in  relation  to  the  runway  centerline.  The  EL 
antenna  (equivalent  in  function  to  the  ILS  glide  slope)  may  be  collocated  with  the  AZ,  but  usually  would 
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be  positioned  adjacent  to  the  runway  opposite  the  CPIH,  and  similarly  would  cover  approximately  the  same 
volume,  only  with  vertical  angle  signal.  Runway  Identification  data,  etc.  would  also  be  transmitted. 

Another  ICAO  recommendation  for  MLS  Is  that  It  should  be  modular  In  construction  so  that  the  different 
levels  of  service  can  be  tailored  to  the  various  types  of  airports  and  aircraft;  thus  any  aircraft  can 
receive  service  from  any  airport  commensurate  with  the  least  sophisticated  equipment  of  either,  wliether 
airborne  unit  or  ground  station. 

Additional  services  available  at  higher  performance  facilities  Include  DME,  greater  coverage  volumes,  a 
flare  antenna  (often  designated  as  EL-2),  and  back  azimuth  (BA7)  and  back  elevation  (BEL)  for  missed  ap- 
proach or  takeoff  guidance. 

There  are  many  design  considerations  In  developing  rhe  MLS.  Among  them  are  selection  of: 

• Carrier  frequency  compatible  with  available  portions  of  the  electronuignetic  spectrum,  propagation 
effects,  and  hardware  requirements 

• Signal  format.  Including  spatial,  temporal,  and  also  spectral  features 

• Angle  data  transmission,  whether  alr-derlved  (as  proposed  by  RTCA)  or  ground-derived  (as  proposed  by 
France  and  the  F.R.G.) 

• Signal  propagation  method,  whether  mechanical  or  electronic 

• Signal  radiation  technique,  wliether  fixed  fan  beam,  scanning  beam,  Doppler  scan,  or  other 

• Signal  data  coding,  whether  via  frequency  modulation  In  a frequency  reference  system  (FRS)  or  via  pulse 
modulation  In  a time  reference  system  (IRS) 

• Coverage  region 

• Guidance  region 

• Size  and  weight 

• Primary  power 

• Radiated  power,  both  peak  and  average 

• Dwell  time 

• Duty  cycle  tradeoff 

• Data  rate  tradeoff 

• Data  link  capacity  for  auxiliary  data 

• Channeling  tradeoff 

• Reliability  tradeoff 

• Split-site  versus  collocation 

• Compatibility  with  ILS  and  collocation  with  installed  ILS 

• Focusing 

• Beam  shapes  and  orientation 

• Polarization,  whether  vertical  or  horizontal 

• Coordinate  system,  whether  conical,  planar,  or  circular 

• Flare  data,  whether  DME  with  EL-2  or  with  radio  altimeter 

• Flare  measurement,  whether  C-band  or  Ku-band  El-2 

• Range  measurement,  whether  L-band  or  C-band  DME. 

Many  of  the  above  considerations  mutually  Interact,  and  all  interact  with  cost. 

The  Australian  MLS  candidate,  called  INTERSCAN,  Is  a scanning  beam  TRS  in  which  the  measured  time  between 
a to-and-fro  scan  is  proportional  to  the  position  angle  of  the  aircraft.  A to-fro  scan  is  alternated 
with  broad-beam  transmission  of  auxiliary  data.  The  various  other  azimuth  and  elevation  functions. 
Including  BAZ,  BEL  and  EL-2,  are  frequency-division  multiplexed.  The  EL-2  antenna  faces  the  runway  from 
the  side. 

The  U.K.  MLS  candidate  employs  a commutated  linear  array  of  antenna  elements  to  generate  Doppler  signals 
In  conical  beams.  The  signal  format  is  frequency-division  multiplexed  for  the  main  signals  (AZ,EL)  but 

time-division  multiplexed  for  the  other  signals.  The  array  Is  scanned  to-and-fro  and  up-and-down.  An 

array  thinning  technique  Is  employed  to  provide  standby  operation  for  purposes  of  Integrity. 
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The  U.S.  MLS  program  la  the  most  elaborate,  with  two  potential  candidate  systems  In  contention.  One  Is 
a TRS  scanning  beam  system  and  the  other  Is  a Doppler  scan  system.  Both  candidates  operate  at  C-band 
except  that  flare  guidance  may  operate  at  Ku-band.  Each  system  Is  available  in  modular  configurations, 
Including  versions  for  each  performance  category  and  coverage  volume  plus  military  tactical  and  aircraft 
carrier  versions. 

The  MLS  candidate  from  France  la  part  of  an  Integrated  air  traffic  control  (ATC)  system.  The  MLS  operates 
somewhat  similar  to  a CCA  combined  with  the  current  DME  In  that  the  aircraft  Interrogates  the  desired 
ground  station,  via  time-ordered  access,  down  linking  aircraft  Identification.  The  ground  station  uses 
radar  techniques  to  measure  the  aircraft  position,  and  uplinks  this  data  In  continual  replies.  The 
time  delay  of  retransmission  supplies  range  data.  The  Information  Is  updated  at  a sufficient  rate  to 
provide  virtually  continuous  steering  data. 

The  F.R.C.  MLS  candidate,  called  the  OLS,  is  similar  to  the  French  system,  except  that  In  DLS  the  DME 
Is  the  main  navigational  aid,  as  part  of  an  ATC-TACAN  system,  and  the  ground  station  Is  only  a transponder. 
Interrogated  via  random  access.  The  position  angles  of  the  aircraft  are  determined  by  measurement  of  the 
Interrogation  waveform,  and  the  angle  data  is  retransmitted  to  the  aircraft  In  a pulse  position  code.  The 
AZ  Is  a circular  ground  array.  EL-1  and  EL-2  arc  collocated,  with  EL-2  operating  similarly  to  the 
Australian  flare. 
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SECTION  1 

EVOLUTION  OF  LANDING  GUIDANCE  TECHNOLOGY 


1. 1 EARLY  HISTORY 

The  need  for  some  form  of  landing  guidance  during  periods  of  restricted  visibility  was  recognized 
soon  after  the  end  of  World  War  I and  technical  papers  began  to  appear  [1].  In  1919,  the  U.S.  Department 
of  Commerce,  Bureau  of  Standards  described  experiments  with  a landing  guidance  system  using  a 300-kHz 
spark  transmitter  on  the  ground  and  a direction  finder  in  the  aircraft  [2]  [3l.  To  put  this  in  perspec- 
tive, these  experiments  were  made  5 years  after  Lawrence  Sperry  made  his  dramatic  Paris  demonstration 
of  a fully  automatic  stabilized  Curtiss  flying  boat.  Flying  at  low  level,  he  stood  in  the  cockpit  with 
his  hands  above  his  head  wiille  his  mechanic  walked  on  the  lower  wing  of  the  biplane  [4]. 

A number  of  articles  appeared  In  the  early  1920's  describing  guidance  system  experiments  on  both  sides 
of  the  Atlantic  and  from  both  civil  and  military  sources.  A paper  was  published  in  London  In  1923 
entitled  "Automatic  Landing  of  Aircraft"  Indicating  the  early  military  Interest  in  the  subject.  Further 
such  interest  is  evidenced  in  the  files  on  fog  research  at  the  Instrument  Landing  Equipment  Laboratory, 
Wright  Field,  dating  back  to  1923. 

1.2  U.S.  BUREAU  OF  STANDARD.S  AND  GUGGENHEIM  FOUNDATION  EFFORT.S 


By  1928  U.S.  commercial  aviation  had  developed  to  a point  vdiere  there  was  widespread  recognition  of 
the  need  for  all-weather  flight  [5).  Far  better  Instruments  were  available  in  the  aircraft,  and  a 
system  of  aural  radio  ranges  was  beginning  to  supplement  the  lighted  airways.  This  progress  only 
served  to  emphasize  the  need  for  better  landing  guidance.  With  the  U.S.  Bureau  of  Standards  as  the 
center  of  responsibility,  facilities  were  developed  that  led  to  Lt.  James  II.  Doolittle's  historic 
blind  landing  at  Mltchel  Field,  New  York,  on  September  2A,  1929,  under  the  sponsorship  of  the  Guggenheim 
Foundation.  Doolittle's  feat  was  accomplished  using  a low-frequency  range  station  on  the  ground  Chat 
actuated  a visual  indicator  of  the  vibrating  reed  type  in  the  aircraft.  A low-frequency  marker  beacon 
was  also  used  to  Indicate  the  end  of  the  runway. 

The  results  of  these  tests,  while  successful,  clearly  indicated  the  need  for  some  type  of  vertical 
beam  guidance,  and  work  was  started  on  what  was  known  as  a constant-intensity  glide  path.  The  air- 
craft, equipped  with  a 100-MHz  receiver,  attempted  to  follow  a path  of  constant  field  intensity  formed 
by  the  lower  envelope  of  a beam  transmitted  from  a directional  antenna  array  on  the  ground.  Because 
of  the  attenuation  In  signal  strength  with  distance,  this  signal  produced  a path  that  was  steep  as  the 
aircraft  started  its  approach  and  flattened  out  as  the  aircraft  neared  the  transmitter.  Success  with 
the  constant-intensity  glide  path  proved  elusive  (little  vis  known  of  multipath  at  that  time),  and 
eventually  the  concept  was  abandoned  in  favor  of  a straightline  glide  slope  formed  by  the  intersection 
of  two  beams.  This  so-callcd  equlslgnal  technique  Is  used  on  the  current  world-standard  Instrument 
Landing  System  (ILS). 

1.3  PIONEERING  WORK  IN  GERMANY 


During  the  early  1930's  Important  contributions  to  landing  guidance  were  made  by  Dr.  Ernst  Kramer  at 
the  Lorenz  Company  in  Germany  (3).  Kramer's  system  comprised  a vertically  polarized  combined  localizer 
and  glide-slope  transmitter  at  33.3  MHz  that  produced  an  equlslgnal  azimuth  beam  much  in  the  same 
manner  as  the  current  ILS.  However,  modulation  was  keyed  to  produce  a series  of  Morse  Code  "e's"  (dots) 
on  one  side  of  the  course  and  "t's"  (dashes)  on  the  other  side.  In  addition  to  the  aural  indications, 
a cockpit  Instrument  was  developed  that  gave  the  pilot  a visual  indication  as  to  whether  he  was  to 
the  right,  left,  or  on  the  course  centerline.  Kramer's  system  used  marker  beacons  to  signal  the  start 
of  descent.  The  glide  slope  was  a constant  intensity  type  consisting  merely  of  the  contours  of  the 
underside  of  the  radiation  pattern  that  produced  the  localizer  signal.  Kramer's  system  went  beyond 
the  experimental  stage  and  was  installed  at  various  airports  in  Germany.  A Lorenz  System  was  tested 
by  the  U.S.  Bureau  of  Air  Commerce  at  Indianapolis  In  1937  [2].  A version  called  Standard  Beam 
Approach  (SBA)  was  Installed  at  some  military  airfields  in  the  United  Kingdom  prior  to  World  War  II. 

1.  A EARLY  U.S.  ARMY  TEST 


The  U.S.  Army  ran  tests  on  its  so-called  A-1  System  in  193A  and  1935  (5].  The  A-1,  a compass  locator- 
marker  system,  was  then  declared  the  U.S.  standard.  The  system  included  two  low-frequency  non-dlrectlonal 
beacons  Installed  in  line  with  the  runway  approach  centerline.  Each  beacon  was  equipped  with  a 75-MHz 
vertical  beam  marker  transmitter.  The  pilot  first  tuned  his  left-right  radio  compass  to  the  outer  station 
and  maintained  his  altitude  until  a marker  beacon  light  indicated  he  was  over  the  station.  He  then  tuned 
to  the  inner  station  and  started  a controlled  descent  toward  it,  maintaining  the  rate  of  descent  until 
reaching  his  minimum  altitude.  The  inner  marker  beacon  light  signalled  his  proximity  to  the  landing  strip. 

The  high  point  in  the  history  of  the  compass  locator-marker  system  was  reached  in  1937  when  Captains 
Holloman  and  Crane  together  with  Mr.  Ray  Stout  made  a successful  automatic  landing  in  a Fokker  ZC-IA 
monoplane  at  Wright  Field  (6J.  Equipped  with  a Sperry  A-3  autopilot,  the  aircraft  used  marker  beacons 
to  signal  activation  of  various  phases  of  flight.  Limitations  inherent  in  this  technique  prevented 
the  system  from  going  beyond  the  experimental  stage. 

Although  the  system  was  abandoned  as  the  U.S.  standard  in  1937,  outer  and  inner  low-frequency  homing 
stations  together  with  VHF  marker  beacons  later  became  an  integral  part  of  the  standard  ILS  and  served 
as  an  Independent,  redundant  system.  This  backup  was  particularly  important  to  pilots  during  the  intro- 
ductory phase  of  the  ILS.  It  was,  in  effect,  an  early  version  of  the  concept  of  an  "independent  landing 
monitor." 
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1.5  BUREAU  OF  AIR  COMMERCE 


Responsibility  for  landing  guidance  system  de\felopment  in  the  U.S.  was  transferred  In  1933  from  the 
Bureau  of  Standards  to  the  newly  created  Bureau  of  Air  Commerce,  predecessor  to  the  Civil  Aviation 
Authority  (CAA)  and  today's  Federal  Aviation  Administration  (FAA)  (5). 


In  an  attempt  to  get  away  from  the  problems  that  had  plagued  the  constant-intensity  glide-slope  system, 
a decision  was  made  to  use  a much  higher  frequency.  The  Bureau  of  Air  Commerce  contracted  with 
Massachusetts  Institute  of  Technology  (MIT)  to  develop  a 750-MUz  constant-intensity  system  [8].  This 
work  was  carried  on  until  1940,  when  field  tests  showed  that  ground  reflections  distorted  the  radiation 
pattern  and  prevented  the  much  sought  after  smooth  glide  path. 


In  1938  work  was  started  by  International  Telephone  and  Telegraph  Corp.  (ITT)  on  a project  sponsored 
by  the  CAA  to  develop  a 110-MHz  localizer,  a 93.9-MlIz  constant-intensity  glide-slope,  and  75-HHz  markers 
[2]  [8].  The  system  was  demonstrated  In  1939  complete  with  monitor  and  remote  control.  The  localizer 
of  this  system  was  basically  the  same  as  the  current  world  standard.  Disappointed  with  the  results 
of  the  constant-intensity  glide  slope  used  in  the  system,  the  CAA  contracted  with  ITT  in  1940  to  develop 
a stralght-llne  equlslgnal  glide-slope  system  at  330  MHz.  This  was  the  forerunner  of  the  current  ILS 
glide-slope  system. 


SECTION  2 


WORLD  WAR  II  ACTIVITY 


2.x  INCREASE  IN  SYSTEMS  DEVELOPMENT  AND  PRODUCTION  ACTIVITY 


The  start  of  World  War  II  caused  a rapid  Increase  In  the  tempo  of  landing  guidance  development.  Respon- 
sibility for  such  development  shifted  from  civil  to  military  centers.  Bad  weather  and  attendant  poor 
visibility  caused  major  problems  for  military  air  transport,  ferrying,  tactical  and  strategic  military 
operations;  thus  finding  a solution  to  the  all-weather  landing  problem  was  given  high  priority.  The 
Immediate  result  was  a proliferation  of  ideas  and  programs  with  a number  of  intensive  activities  being 
carried  out  simultaneously.  Some  of  the  more  important  activities  were: 


• Sperry  entered  Into  a contract  with  the  U.S.  Army  to  develop  a 3000-MHz  (microwave)  equlslgnal  glide 
slope  and  localizer  (2),  shewn  In  Figure  2.1. 


Figure  2.1  Early  3000-MHz  Sperry  Microwave  Glide-Slope  System  (about  1942) 


• A team  at  Wright  Field  developed  a programmed  aircraft  capable  of  automatic  takeoff,  navigation,  and 
landing. 


• During  the  late  summer  of  1941,  Capt.  Roster,  a German  pilot  employing  a system  developed  by  Siemens 
made  a series  of  automatic  takeoffs  and  landings  In  fog  at  Dlspensee  near  Berlin  [4].  Because  of  the 
success  of  this  experiment.  Roster  believed  that  the  problem  of  blind  landing  was  solved. 


e In  November  of  1941  Dr.  Luis  Alvarez  of  the  Radiation  Laboratory,  HIT,  working  under  the  National 
Defense  Research  Committee,  conducted  Initial  tests  to  determine  the  feasibility  of  adapting  radar  to 
the  problem  of  landing  guidance  and  to  determine  If  the  Information  derived  from  radar  could  be  trans- 
mitted by  voice  radio  and  effectively  used  by  the  pilot  (9].  These  tests  marked  the  beginning  of  the 
successful  Ground  Controlled  Approach  (GCA)  program,  which  Is  still  In  active  and  large-scale  use  by 
the  military  services. 
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• Another  project  at  the  Radiation  Laboratory,  MIT,  resulted  In  the  development  of  a 3-centlmeter 
microwave  system  baaed  on  the  equlslgnal  principle,  with  simple  crystal  video  receivers  In  the  aircraft. 
The  project,  neaded  by  Dr.  Jack  Buck  of  Canada,  suffered  from  lack  of  reliable  components  but  proved 
the  feasibility  of  highly  portable  systems  similar  to  those  In  tactical  use  today. 

2.2  SHIFT  IN  EMPHASIS  TOWARD  MILITARY  DEVELOPMENT 


As  a result  of  the  entry  Into  the  war,  emphasis  was  placed  on  finalizing  development  so  that  production 
could  get  underway. 

2.2.1  AIRCRAFT  RADIO  LABORATORY.  WRIGHT  FIELD.  During  this  period  (1941  through  1943)  Wright  Field 
funded  the  development  of  a portable  military  system  based  primarily  on  the  background  work  of  the  CAA 
and  using  the  same  localizer  and  glide-slope  radio  frequencies  and  audio  modulations  [2]  [8].  ITT, 

the  developer  of  the  civil  system,  was  the  major  contractor  on  the  military  effort.  Although  the  number 
of  frequency  channels  has  Increased  and  antennas  have  been  improved,  the  basic  ILS  has  not  changed 
since  that  time.  The  original  production  system  consisted  of  a six-channel  localizer,  a single-channel 
glide  slope  (soon  expanded  to  three  channels),  and  three  7S-MHz  marker  beacons:  an  outer  marker  S 

miles  from  touchdown  to  Indicate  start  of  letdown,  a middle  marker  1 mile  from  touchdown  to  Indicate 
the  decision  point  (whether  to  continue  descent  or  abort  the  approach),  and  an  Inner  marker  to  mark 
the  beginning  of  the  useable  landing  area.  The  Inner  marker  was  dropped  from  the  system;  only  recently 
has  Its  use  been  revived  In  some  Installations. 

2.2.2  U.S.  SYSTEM  STANDARDIZATION.  By  1943  there  were  three  strong  contenders  for  a standard  landing 

system  In  the  U.S.:  the  Sperry  Microwave  System,  the  ITT  VHF-UhF  SCS-51  System,  and  the  CKA  developed 

at  Radiation  Laboratory/MIT. 

The  decision  of  the  U.S.  to  standardize  on  the  VHF-UHF  ILS  was  made  at  a meeting  of  military  and  civil 
representatives  at  Pittsburgh  Airport  In  1943.  As  a result,  a large-scale  production  effort  for  military 
Implementation  was  started.  OCA  was  favored  for  certain  military  applications,  and  the  first  production 
unit  of  OCA  was  delivered  during  that  year  to  the  Army  Signal  Corps  by  Gllflllan.  The  GCA  operated 
as  a tracking  radar  at  X-band. 

2.3  OPERATIONAL  TESTING 

2.3.1  GROUND  CONTROLLED  APPROACH.  In  June  1943,  a crew  Including  Dr.  Alvarez  carried  prototype  equip- 
ment aboard  a British  battleship  to  England  and  demonstrated  the  system  for  a 2-month  period  at  a Royal 
Air  Force  (RAF)  bomber  base  [9].  At  the  end  of  this  period  the  RAF  was  convinced  of  the  usefulness  of 
the  system. 

2.3.2  SCS-51  ILS.  Early  production  VHF  localizers  and  markers  were  given  a rigorous  test  during  the 
operation  of  an  Air  Transport  Command  all-weather  airway  [5].  Airfields  from  New  York  to  Newfoundland 
were  equipped  with  the  new  SCS-51  system  and  Col.  E.  A.  Cutrell,  heading  the  effort,  demonstrated  the 
feasibility  of  landing  military  aircraft  via  ILS  under  severe  conditions. 

2.3.3  JOINT  BRITISH-AMERICAN  TRIALS.  In  January  1944  an  Important  event  to  the  future  of  landing 
guidance  systems  took  place  when  a small  team,  headed  by  Lt.  Col.  F.  L.  Moseley  of  Wright  Field,  took 
the  first  complete  prototype  SCS-51  ILS  to  the  United  Kingdom  (U.K.)  for  joint  British-Amerlcan  trials 
[4]  [10].  Not  only  were  the  trials  successful  and  the  system  adopted  for  use  by  the  U.S.  8th  Air  Force 
and  units  of  the  RAF,  but  Lt.  Col.  Moseley  Interested  both  British  and  American  as  well  as  other  allied 
observers  with  demonstrations  of  automatic  landing  approaches  using  a displacement  rate  coupler  he  had 
developed  at  home  and  carried  unofficially  to  the  U.K. 

G/C  J.  A.  McDonald,  Commanding  Officer  at  RAF,  Defford  where  the  tests  were  conducted,  wrote:  "It  should 

be  recorded  once  and  for  all  that  development  In  auto-approach  technique  in  this  country  (U.K.)  Involving 
use  of  new  standard  ILS  owes  Its  origin  to  this  'Black  Box',  first  used  at  Defford  in  1944." 

During  the  conduct  of  the  Defford  test,  F/L  Barbour,  upon  the  enthusiastic  urging  of  the  project  officer, 
S/L  F.  C.  Griffiths,  modified  a Rebecca-Eureka  radar  system  to  provide  distance  measuring  equipment  (DME) 
and  also  to  permit  automatic  orbiting  of  the  station  at  a pilot-selected  radius.  (The  need  for  DME  as 
part  of  landing  guidance  has  long  been  recognized,  but  only  recently  has  it  been  Included  as  a standard 
part  of  tactical  and  civil  systems.) 

2.4  WARTIME  IMPLEMENTATION 

Although  the  high-priority  production  program  did  not  make  equipment  available  until  late  In  the  war,  both 
the  SCS-51  ILS  and  GCA  were  produced  In  quantity  and  were  deployed  In  time  to  provide  substantial  relief 
In  many  parts  of  the  world. 

SCS-51  airborne  equipments  were  carried  aboard  most  tactical  and  transport  aircraft  with  the  exception  of 
fighters.  More  than  30,000  airborne  systems  were  built  [2].  Ground  stations  were  Installed  at  a number 
of  airbases  and  additional  units  were  moved  Into  France  as  the  war  entered  Its  final  phase.  Systems  were 
Installed  In  critical  locations  throughout  the  world.  Including  the  China- India  Hump  operation,  the 
Aleutians,  and  the  Pacific  theater. 

GCA  units  were  used  extensively  by  Navy  and  Air  Force  units  in  the  Pacific  and  were  successfully  used  in 
bad  weather  operations  In  Alaska  and  particularly  In  the  Aleutians,  where  five  systems  were  Installed. 

They  were  also  active  in  support  of  the  Pacific  B-29  campaign  [9]. 

Although  both  systems  arrived  too  late  to  have  a great  impact  on  the  course  of  the  war,  the  worth  of 
landing  guidance  systems  was  fully  demonstrated,  not  only  for  military  operations  but  also  for  the 
large-scale  civil  programs  that  were  to  follow. 
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3.1  RETURN  TO  CIVIL  PROGRAMS 


SECTION  3 

POST  WORLD  WAR  II  ACTIVITY 


limed lately  following  World  War  II  the  landing  guidance  activity  was  primarily  concerned  with  applying 
the  lessons  learned  from  military  experience  and  adapting  military  equipment  to  civil  aviation. 

3.1.1.  ILS  ADOPTED  BY  ICAO.  With  the  background  of  military  experience,  the  ILS  was  proposed  as  a 
world-wide  standard  system  at  the  provisional  International  Civil  Aviation  Organization  (ICAO) 
meeting  held  In  Chicago  In  1946.  Agreement  was  reached  and  the  ILS  has  been  the  International  standard 
system  throughout  the  noncommunist  world  and  In  parts  of  the  communist  bloc  nations  up  to  the  present 
time. 

3.1.2  U.S.  CIVIL  IMPLEMENTATION.  In  1946  the  U.S.  CAA  ordered  47  ILS  and  began  installation  at 
important  airports  throughout  the  country  [2J.  Elements  of  the  system  were  assembled  on  site  by  CAA 
engineers.  Airborne  equipments  used  by  the  airlines  during  this  period  were  surplus  SCS-51  military 
equipment.  The  first  authorized  use  of  reduced  weather  mlnlmums  for  civil  operators  occurred  In  1947. 

In  1948  the  CAA  ordered  eight  GCA  or  Precision  Approach  Radar  (PAR)  equipments  to  supplement  the  ILS 
at  Important  locations. 

Instrument  landing  approaches  In  the  U.S.  prior  to  Installation  of  ILS  were  accomplished  by  a low- 
frequency  range  technique  In  which  an  aircraft  overheaded  a range  and  then  let  down  on  one  of 
four  sector  legs  of  the  range  on  a timed  descent  using  the  barometic  altimeter  as  a reference.  This  type 
of  approach  was  limited  to  mlnlmums  of  a 400-foot  ceiling  and  1-mile  visibility.  Introduction  of 
the  ILS  cut  these  mlnlmums  In  half  at  most  locations.  Even  more  Important  than  the  Improved  minimum 
was  the  Increase  In  safety  resulting  from  the  use  of  precision  approach  guidance. 

3.2  ESTABLISHMENT  OF  NEW  BLIND-LANDING  RESEARCH  CENTERS 


An  important  post-war  development  was  the  organization  of  specialized  research  establishments  to  solve 
the  complex  problem  of  all-weather  landing. 

3.2.1  BLIND  LA.VmNG  EXPERIMENTAL  UNIT.  The  Blind  Landing  Experimental  Unit  (BLEU)  located  at  Bedford 
in  the  U.K.  concentrated  Its  efforts  on  automatic  landing,  and  over  a long  period  of  development 
perfected  a system  called  Autoland  (4].  The  system  used  basic  ILS  with  a radio  altimeter  set  to  Initiate 
a decreased  rate  of  descent  for  flare  as  the  aircraft  neared  the  touchdown  point.  Initially,  one 
Autoland  feature  was  a system  of  magnetic  leader  cables  burled  in  the  runway.  Magnetic  loops  were  carried 
cboard  the  aircraft  to  sense  the  buried  cables.  This  system  gave  highly  precise,  stable  runway  alignment 
guidance,  but  because  of  the  additional  equipment  required  and  because  ILS  localizers  had  been  Improved 

to  meet  the  full  landing  requirement,  the  magnetic  system  was  dropped  from  the  system.  Most  aircraft 
certified  for  automatic  landing  today  use  the  other  basic  features  of  the  Autoland  system. 

3.2.2  AIR  FORCE  ALL-WEATHER  FLYING  DIVISION.  The  U.S.A.F.  All-Weather  Flying  Division,  a part  of  the 
Wright  Field  complex,  located  at  Wilmington,  Ohio,  also  made  major  contributions  to  landing  guidance 
technology.  An  all-weather  airway  was  established  between  Wilmington  and  Andrews  A.F.B.,  Washington, 

D.C.,  and  a near  perfect  schedule  was  maintained  regardless  of  weather  [6].  The  climax  of  the  U.S.A.F. 
effort  occurred  In  September  of  1947  when  a four-engine  C-54  Skymaster  transport  aircraft  was  flown  auto- 
matically from  takeoff  to  touchdown  across  the  North  Atlantic  to  Brize  Norton,  England.  Using  informa- 
tion stored  in  punch  cards  plus  a computer,  the  system  was  programmed  for  all  phases  of  flight,  including 
tuning  In  and  homing  on  weather  ships  as  a means  of  navigation. 

3.2.3  LANDING  AIDS  EXPERIMENT  STATION.  The  Landing  Aids  Experiment  Station  (LAES)  located  at 
Areata,  California,  was  a research  station  jointly  sponsored  by  the  U.S.A.F,  Navy,  and  CAA  for  the 
express  purpose  of  developing  Improved  visual  aids  [11].  The  site  was  selected  because  it  has  one  of  the 
highest  Incidence  of  fog  in  the  U.S.  Test  flying  was  conducted  mainly  in  weather  conditions  below  a 
100-foot  celling  and  a quarter-mile  visibility.  The  controlled  nature  of  the  testing  and  wide  variety 

of  systems  tested  provided  the  background  for  selection  of  the  centerline  and  bar  system  of  approach 
lights,  which  has  become  standard  throughout  the  world.  The  LAES,  in  addition  to  its  work  with  high- 
intensity  approach  and  runway  lights  and  visibility  measuring  systems,  also  tested  fog  dispersal  systems 
and  proved  the  economic  feasibility  of  the  Fog,  Intensive  Dispersal  Of  (FIDO)  system  which  burned  fuel 
oil  under  high  pressure.  However,  when  a system  based  on  the  Areata  techniques  was  later  installed  at 
Los  Angeles  International  Ai'port,  it  was  found  to  be  ineffective  because  of  the  increased  spacing 
between  the  rows  of  burners.  Safety  rules  dictated  that  the  burners  be  located  well  off  the  edge 
of  the  runway.  As  a result,  the  heat  from  the  burners  could  not  clear  fog  from  the  center  of  the  runway 
as  they  had  at  Areata.  The  project  was  subsequently  abandoned. 


SECTION  4 


INSTRUMENT  LANDING  SYSTEM 

The  ILS  U by  f«r  the  aoec  unlvcreally  used  landinR  guidance  ayacea  currently  In  operation.  Since 
atandardlzej  under  Che  aegla  of  ICAO  at  the  end  of  World  War  II,  ILS  la  In  uae  In  virtually  every  country 
throughout  Che  world.  Becauae  of  ICAO'a  perforaance  apeclflcatlona,  any  IL.'-ei^utpped  aircraft  can  expect 
aatialactory  operation  ac  any  approved  ILS  airport  Inatal lotion.  Ihls  la  true  even  though  both  airborne 
and  ground  equlpnenta  are  produced  In  many  countrleu  to  widely  different  dealgna  (12]. 

At  present  there  are  over  500  ILS  Installations  in  operation  throughout  the  world  and  an  approximately 
equal  number  to  be  added.  This  number  will  depend  to  some  extent  on  the  speed  with  which  international 
agreement  can  be  reached  on  a replacement  for  ILS. 

4.1  FUNCTIONAL  A.NALYSIS  OF  ILS  .APPROACH  AND  LANDING 

4.1.1  TRA.NSITI0N  FROM  ENROUTE.  An  ILS  procedure  begins  with  the  transition  from  enroute  flight  to  final 
approach.  This  may  be  accomplished  by  departing  from  the  last  VHF  Omni  Range  (VOR)  navigation  station  of 
the  enroute  flight  on  a radial  that  will  Intercept  the  localizer  course  approximately  7 to  10  miles  from 
the  runway  (13). 

4.1.2  LOCALIZER  INTERCEPT.  The  aircraft  Intercepts  the  localizer  course  in  level  flight  at  an  altitude 
(specified  by  the  approach  plate  of  the  pilot's  flight  manual)  and  distance  that  place  the  aircraft  below 
the  glide  slope.  This  allows  the  pilot  to  become  stabilized  on  the  localizer  course  before  starting 
descent. 

4.1.3  GLIDE-SLOPE  INTERCEPT  AT  OUTER  MARKER.  The  pilot  continues  level  flight  although  the  glide-slope 

indicator  reads  full-scale  fly-up.  As  the  aircraft  intercepts  the  glide  slope,  the  indicator  starts  to 
move  toward  center,  and  the  pilot  then  makes  the  necessary  power  and  trim  adjustments  to  give  a rate  of 
descent  consistent  with  the  glide-slope  angle.  As  he  reaches  the  center  of  the  glide  slope,  he  receives 
the  aural  keying  and  visual  flashing  of  the  75-MUz  Outer  Marker  vertical  beacon.  The  approach  plate 
indicates  the  proper  altitude  at  which  the  glide  slope  Intercepts  the  Outer  Marker  for  the  specific 
facility  being  used.  If  he  notes  any  significant  deviation  from  the  published  value,  before  starting  his 
descent  he  must  determine  whether  the  discrepancy  is  caused  by  an  improper  altimeter  setting  or  a mal- 
function of  some  part  of  the  system.  With  a normal  interception,  he  is  assured  at  this  point  that  the 

key  elements  are  working  properly  and  he  can  safely  begin  his  descent. 

4.1.4  STABILIZED  APPROACH.  Descent  from  the  Outer  Marker  involves  keeping  both  localizer  and  glide- 
slope  indicators  centered  by  making  small  changes  in  heading  and  in  rate  of  descent.  Wind  shear  and  tur- 
bulence during  descent  can  cause  deviations  that  must  be  corrected. 

4.1.5  DECISION  HEIGHT  AT  MIDDLE  MARKER.  if  the  approacli  is  being  made  to  Category  1 (CAT  I)  weather  min- 
Imums  (which  can  be  as  little  as  a 1, 800-foot  Runway  Visual  Range  at  a fully  equipped  airport),  the  pilot 
must  have  in  view  an  element  of  the  approach  lights,  runway  lights,  runway  markings  or  significant  ground 
references  by  the  time  he  receives  the  aural-visual  signals  from  the  Middle  Marker  in  order  to  continue 
his  approach.  If  he  readies  this  decision  height  and  does  not  have  adequate  visual  reference,  he  must 
abort  the  approach  and  execute  a mlssed-approach  procedure.  This  usually  Involves  a climb-out  to  a navi- 
gational fix  where  Air  Traffic  Control  (ATC)  can  Instruct  him  further. 

4.1.6  FLARE.  With  the  ground  in  sight  the  pilot  continues  his  rate  of  descent  until  reaching  a height  of 

about  60  feet  above  runway  elevation;  he  then  slows  his  rate  of  descent  so  that  he  will  further  approach 

the  runway  on  an  exponential  flight  path. 

4.1.7  DECRAB.  Having  checked  rate  of  descent  to  an  acceptable  level,  it  necessary  for  the  pilot  to 
remove  any  difference  between  the  fore-and-aft  alignment  of  the  aircraft  with  the  alignment  of  the  run- 
way by  "decrabbing".  The  misalignment  might  be  caused  by  last-minute  course  correction  maneuvers  or  by 
a crosswind. 


4.1.8  TOUCHDOWN.  Touchdown  Is  the  Initial  contact  of  the  aircraft  wheels  with  the  runway.  For  most 

aircraft  it  should  be  made  at  a rate  of  descent  of  about  2 feet  per  second,  and  with  fore-and-aft 

alignment  in  close  coincidence  with  the  runway  alignment.  The  touchdown  should  be  near  the  runway 
centerline  and  at  a suitable  longitudinal  distance  beyond  the  point  where  the  glide  slope  intersects 
the  runway.  This  distance  varies  with  the  performance  characteristics  of  the  aircraft. 

4.1.9  ROLLOUT.  This  portion  of  the  landing  begins  with  touchdown  and  ends  with  the  deceleration  of 

the  aircraft  to  taxi  speed  or  when  the  aircraft  turns  off  the  runway  to  enter  a taxiway.  Guidance  must 
be  provided  Ourlng  rollout  when  aircraft  are  operating  in  the  poorest  conditions  of  visibility  (CAT  III). 

Guidance  must  also  be  available  under  these  conditions  in  order  for  the  aircraft  to  clear  the  runway 

quickly  and  make  it  available  for  the  next  landing  aircraft. 

4.1.10  AUTOMATIC  APPROACH  AND  LANDING.  The  procedures  for  automatic  approach  and  landing  on  ILS  are 
essentially  the  same  as  those  for  manual  flight.  Some  automatic  systems  are  limited  concerning  the 
angle  of  Intercept  with  the  localizer,  and  this  must  be  taken  into  account  in  the  procedure.  Automatic 
systems  r«v  also  have  a limitation  in  the  amount  of  acceptable  wlndshear  [14],  The  major  difference 
between  a tomatic  and  manual  landing  occurs  after  reaching  decision  height.  The  automatic  system  con- 
tinues on  both  localizer  and  glide  slope  until  a predetermined  height  of  about  60  feet  is  signalled  b> 
the  radio  altimeter.  The  system  then  starts  a programmed  flare  that  continues  until  just  prior  to 
touchdown,  when,  again  on  signal  from  the  radio  altimeter,  the  aircraft  heading  is  automatically 
brought  into  alignment  with  the  runway.  At  touchdown  there  is  a transition  rom  aerodynamic  control  to 
wheel  steering,  and  the  aircraft  is  maintained  on  centerline  by  this  means. 


t A. 2 ILS  DESCRIPTION 


The  ILS  as  star.Jardized  by  ICAO  consists  of  a localizer  for  runway  alignment  guidance,  a glide  slope 
for  elevation  guidance,  and  marker  beacons  for  providing  key  checkpoints  along  the  approach  [15].  Com- 
pass locator  stations  may  be  Included  In  some  systems,  and  DME  are  now  being  added  to  some  ILS  Installa- 
tions to  provide  continuous  reading  of  distance  for  the  airport  during  the  approach.  The  geometry  and 
general  layout  of  the  ILS  are  shown  In  Figure  A.i. 
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Figure  A.l  ILS  Standard  Characteristics  and  Terminology 


Some  ILS  installations  Include  both  front  and  back  courses  and  provide  localizer  signal  Indications 
throughout  360  degrees  of  azimuth.  These  are  no  longer  required  by  ICAO  at  even  the  busiest  airports, 
and  most  current  systems  limit  coverage  to  the  ICAO  requirement  of  ±35  degrees  and  eliminate  or 
greatly  reduce  the  back  course.  The  result  of  this  reduction  in  coverage  Is  Improved  multipath 
characteristics  and  conservation  of  frequency  spectrum,  which  are  critical  In  the  case  of  the  ILS. 


A. 2.1  LOCALIZER.  The  localizer,  which  provides  lateral  guidance,  produces  a course  formed  by  the 
intersection  of  two  f^eld  patterns  [8]  [16].  One  pattern  is  modulated  by  an  audio  frequency  that 


produces  mainly  150  Hz  tc  ‘.a  right  of  course  (as  viewed  from  an  aircraft  Inbound  towards  the  runway) 
and  the  other  pattern  is  modulated  by  an  audio  frequency  of  equal  amplitude  that  produces  mainly  90 
Hz  to  the  left  of  course.  The  "on  course"  Is  the  vertical  plane  coinciding  with  the  extended  center- 
line  of  the  runway. 


Using,  as  an  example,  an  eight-loop  array  system  (Figure  A. 2),  the  courses  (front  and  back)  are  derived 
from  four  composite  90-  and  150-Hz  fields.  In  one  of  these  fields  the  carrier  sideband  component  is  radi 
ated  by  the  carrier  antenna  pair,  which  produces  both  90-  and  150-Hz  signals  having  constant  RF  phase  In 
all  directions.  The  other  fields  are  the  vector  sum  of  three  sideband  pairs  of  antennas.  The  spacing 
between  loops  and  the  amplitude  of  the  currents  determine  the  radiation  patterns.  The  patterns  are 
designed  to  produce  "solid"  or  "full  clearance"  left  or  right  signals  on  each  side  of  the  course. 


The  two  center  loops  are  adjusted  to  be  In  phase  and  are  fed  with  carrier  energy  modulated  equally 
with  90-  and  150-Hz  tones.  Only  sideband  energy  Is  fed  to  each  of  the  three  loop  pairs  located  on 
either  side  of  the  carrier  loops.  The  three  loop  pairs  on  one  side  are  In  phase,  but  of  opposite 
phase  to  the  three  loop  pairs  on  the  opposite  side.  The  signals  received  In  the  aircraft  will  produce 
a "fly  right"  Indication  for  the  pilot  when  to  the  left  of  course  In  the  predominately  90-Hz  region. 
Similarly,  a "fly  left"  Indication  will  be  produced  for  the  pilot  on  the  opposite  side  of  the  course 
in  the  predominantly  150-Hz  region. 


The  present  ILS  localizer  operates  in  the  VHF  band  between  108.1  and  111.9  MHz  with  20  channels  spaced 
at  100  kHz.  The  system  uses  horizontal  polarization  to  minimize  multioath  effects  from  reflecting 
structures  and  objects.  Each  station  has  an  Identifier,  which  is  keyed  10  times  per  minute  at  a modula- 
tion frequency  of  1020  Hz.  The  system  Is  generally  useable  at  a distance  up  to  25  miles  at  1,000-foot 
approach  altitudes  and  above.  Line-of-slght  attenuation  due  to  earth  curvature  prevents  reliable  recep- 
tion at  distances  greater  than  this  below  the  1,000-foot  level. 
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Figure  4.2  8-Loop  Array  Antenna  Patterns 

There  have  been  many  versions  of  ILS  localizers,  but  all  have  been  based  on  the  same  fundamental 
principles.  Some  of  the  Improvements  to  the  basic  system  are  discussed  In  paragraph  4.4.1. 

4.2.2  GLIDE  SLOPE.  The  ILS  glide-slope  unit  was  first  introduced  as  an  equlslgnal  system  In  which  the 
course  was  produced  by  two  overlapping  radiation  patterns,  one  modulated  at  an  audio  frequency  of  90  Hz 
to  provide  a "fly-down"  indication  when  It  Is  the  dominant  signal  and  the  other  at  150  Hz  to  provide  a 
"flyup"  Indication  [8]  [17]. 

4. 2. 2.1  Equlslgnal  System.  Two  horizontally  polarized  antennas  were  mounted  on  a vertical  mast  in  an 
image-type  array  to  produce  the  desired  radiation  patterns.  The  lower  antenna,  mounted  about  4 feet 
above  ground,  radiated  the  90-Hz  modulated  signal,  and  the  upper  antenna,  mounted  about  19  feet  above 
ground,  radiated  a multllobe  pattern  modulated  at  150  Hz.  The  lowest  lobe  of  the  150-Hz  radiation 
overlapped  the  lower  portion  of  the  wider  90-Hz  lobe.  The  intersection  of  the  two  lobes  provided  the  "on 
course”  of  the  glide  slope.  A similar  overlap  occurred  at  an  upper  Intersection,  producing  a false 
course  with  opposite  sensing.  The  false  course  was  at  a high  angle  so  that  It  was  not  confused  with 
the  true  course.  The  angle  of  the  glide  slope  was  adjusted  by  changing  the  height  of  the  antennas. 


Difficulty  was  experienced  with  the  equlslgnal  slope  in  the  presence  of  heavy  snow,  and  It  was  found 
necessary  between  1948  and  1953  to  convert  all  U.  S.  civil  systems  to  a so-called  null  reference  system  [8] 


509 


4. 2, 2, 2 Null  Reference  System.  The  null  reference  system,  like  the  equlslgnal  system,  Is  an  Image- 
type  array  using  two  antennas.  The  lower  antenna  Is  located  at  one  half  the  height  above  ground  of  the 
upper  antenna.  A reference  signal  at  the  carrier  frequency  (approximately  335  MHz),  modulated  with 
equal  amounts  of  90  Hz  (fly-down)  and  150  Hz  (fly-up).  Is  radiated  from  the  lower  antenna.  The  upper 
antenna  radiates  only  90-Hz  and  150-Hz  sideband  energy.  The  first  null  above  the  ground  provides  the 
selection  of  the  glide-slope  angle,  and  the  course  width  Is  contained  within  the  region  of  the  null. 

Phasing  between  the  sideband  signals  radiated  by  the  upper  antenna  and  the  reference  signal  of  the  lower 
antenna  Is  such  that,  below  the  null,  fly-up  sidebands  add  and  fly-down  sidebands  subtract.  Above  the 
null,  the  opposite  phenomena  occurs. 

The  greater  height  of  the  antennas  of  the  null  reference  system  (l.e.,  28  feet  for  the  upper  antenna 
compared  to  19  feet  for  the  equlslgnal  system)  makes  the  null  reference  system  much  less  susceptible 
to  snow  buildup  or  tidal  reflection  problems.  Changes  In  ground  plane  of  as  much  as  2 feet  cause  little 
shift  In  the  path  angle.  However,  the  greater  antenna  height  has  an  adverse  effect  In  that  it  illuminates 
a greatei  Image  area  and  Increased  attention  has  to  be  paid  to  providing  a large  level  ground  area  in 
order  to  obtain  high-quality  courses. 

In  later  versions  of  the  null  reference  system,  the  upper  antenna  was  lowered  25  percent  and  the  lower 
antenna  set  at  one-third  of  the  new  height,  creating  a sideband  reference  system  with  a null  at  3 
degrees.  Further  Improvement  utilized  "capture  effect"  principles  that  Increased  the  integrity  of  the 
fly-up  signals  below  the  path.  Three  dipole  antennas  are  used  in  the  capture-effect  glide  slope.  These 
systems  are  now  in  common  use. 

The  glide  slope,  like  the  localizer,  currently  has  20  channels,  but  they  are  located  in  a band  from  329.3 
to  335  MHz,  approximately  three  times  the  frequency  of  the  localizer,  and  with  300-kHz  spacing  between 
channels.  Localizer  and  glide-slope  channels  are  paired  so  that  they  are  selected  by  a single  control  in 
the  cockpit. 

4.2.3  MARKER  BEACONS.  Marker  beacons  have  beea  r.n  integral  part  of  the  ILS  from  the  very  beginning  and, 
although  the  hardware  has  changed,  Che  prlnclpli  is  essentially  the  same  [8].  A CAT  1 ILS  includes  two 
marker  beacons,  Che  Outer  and  the  Middle  Markers.  CAT  II  and  III  installations  Include  a third  unit,  the 
Inner  Marker. 

The  function  of  the  Outer  Marker,  located  about  4 to  7 miles  from  the  runway  threshold,  is  to  signal  the 
pilot  Co  start  descent.  A 400-Hz  Cone  is  keyed  at  two  dashes  per  second  and  causes  a purple  light  to 
flash  on  the  instrument  panel. 

The  Middle  Marker,  located  nominally  at  3,500  feet  from  runway  threshold,  is  to  alert  the  pilot  to  the 
fact  that  CAT  I decision  height  has  been  reached.  A 1300-Hz  tone,  keyed  with  alternate  dots  and  dashes, 
flashes  an  amber  light  on  the  instrument  panel. 

When  a CAT  II  or  CAT  III  ILS  is  used,  the  Inner  Marker  is  to  signal  CAT  II  decision  height.  A 3000-Hz 
Cone,  keyed  at  six  dots  per  second,  flashes  a white  light  to  indicate  decision  height. 

All  marker  beacon  transmitters  operate  on  the  single  fixed  frequency  of  75  MHz.  Carrier  power  is  gener- 
ally limited  to  1 to  2 watts.  A conventional  system  uses  two  half-wave,  cophased,  colllnear  dipole 
antenna  elements  spaced  above  a 20-by-20  foot  counterpoise,  which  in  turn  is  elevated  above  ground  to  avoid 
snow  problems.  More  recently,  low-cost  markers  have  been  developed  that  are  mounted  on  a single  pole. 

Tlie  transmitter  is  contained  in  a weather-proof  cabinet  and  an  antenna  consisting  of  two  simple  dipoles  is 
used.  Many  of  these  systems  are  designed  to  be  independent  of  commercial  power,  using  a device  such  as  a 
propane  generator  as  a self-contained  power  source. 

Markers,  like  other  elements  of  the  ILS,  are  carefully  monitored,  and  a malfunction  causes  a warning 
signal  to  alert  a ground  controller,  who  can  immediately  notify  the  pilot. 

4.3  - LIMITATIONS  OF  ILS 

4.3.1  SITING.  Implementation  of  ILS  by  both  military  and  civil  agencies  has  provided  extensive  ex- 
perience which  has  shown  certain  weaknesses  in  the  system.  Both  the  glide  slope  and  localizer  signals 
have  been  affected  by  the  presence  of  reflecting  objects  such  as  hangars,  transmission  lines,  and  nearby 
trees.  The  CAA  developed  a localizer  antenna  system  based  upon  a large  90-foot  aperture  wave-guide  array 
that  provides  narrow  beams  along  the  approach  path  (shown  in  Figure  4.3).  This  was  supplemented  by 
another  array  (shown  in  Figure  4.4)  that  provides  the  required  signal  coverage  of  at  least  ±35  degrees. 

The  so-called  wave-guide  localizer  improved  the  courses  of  many  localizers,  but  because  of  the  neces- 
sity of  dual  transmitters,  it  required  complex  antennas  and  additional  monitoring,  which  were  too 
expensive  for  smaller  airports.  In  recent  years  an  antenna  system  called  the  V Ring,  shown  in  Figure  4.5, 
was  developed  that,  when  used  in  a 15-eleraent  array,  produces  a narrow  beam  characteristic  along  with  the 
required  angular  coverage.  These  antennas  are  produced  at  a reasonable  cost  and  require  a single  trans- 
mitter. Although  these  developments  have  reduced  the  multipath  problem,  they  have  by  no  means  eliminated 
it;  hence  multipath  continues  to  be  a very  serious  problem  for  the  system. 

Another  severe  problem  with  the  ILS  is  that  the  formation  of  beams  by  the  conventional  glide-slope  antenna 
array  depends  upon  a reasonably  smooth,  level  ground  plane  in  the  area  ahead  of  the  antennas  beyond  the 
end  of  the  runway.  At  many  locations  there  is  simply  not  enough  level  ground  to  provide  the  required  re- 
flecting surface.  The  result  is  either  poor  performance  or  inability  to  provide  an  acceptable  glide-slope 
signal.  To  overcome  this,  many  airports  have  resorted  to  extensive  site  alteration  using  landfill,  or  in 
some  cases  an  artificial  ground  plane  made  up  of  screen  material.  Such  site  preparation  frequently  costs 
several  hundred  thousand  dollars,  and  in  the  case  of  some  extreme  situations  the  estimated  cost  of  suit- 
able landfill  runs  to  several  million  dollars. 


(b|  BLOCK  DIAGRAM  OF  ELECTRONICALLY  MODULATED 
DIRECTIONAL  LOCALIZER. 


Figure  A. 3 Wave-Guide  Directional  Localizer  Block  Diagram 
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Figure  4.4  Wave-Guide  Localizer  Showing  Clearance  Array  and  Monitor  Probe 


Figure  4.5  V-Rlng  Localizer  Antenna  Array 

Most  efforts  to  overcome  this  problem  have  involved  special  antenna  design  In  which  the  signal  Is  formed 
without  aid  of  a reflecting  ground  plane.  The  difficulty  Is  that  at  the  UHF  frequencies  used,  such  large 
apertures  are  required  that  the  antennas,  Including  the  present  ILS  glide-slope  antenna  mast  of  approxi- 
mately 35  feet  in  height,  constitute  undesirable  obstructions  on  the  airport  surface. 

The  glide-slope  angle  also  was  affected  significantly  by  accumulation  of  snow.  To  correct  this,  the 
null-reference  glide-slope  antenna  system  was  developed  that  has  replaced  all  U.S.  civil  ILS  glide 
slopes.  This  is  a great  Improvement,  though  not  a complete  solution  to  the  snow  problem. 
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A similar  problem  was  encountered  where  the  glide  slope  Is  projected  over  a body  of  water.  A rising  and 
falling  tide  can  also  affect  the  stability  of  the  glide-slope  angle.  Again,  special  antennas  have  been 
designed  to  cope  with  this  situation. 

4.3.2  FREQUENCY  SPECTRUM  AVAILABILITY.  The  limited  availability  of  frequency  spectrum  Inhibits  future 
growth  of  standard  ILS.  Both  localizer  and  glide-slope  systems  operate  In  portions  of  the  frequency  spec- 
trum that,  because  of  International  allocations,  have  little  chance  of  expansion  to  accommodate  new  facil- 
ities. The  alternate  solution,  less  separation  between  channels,  already  Is  being  Implemented;  the 
current  100-kHz  spacing  between  channels  of  the  localizer  Is  being  cut  to  SO  kHz,  and  with  a similar  plan 
Is  going  Into  effect  for  the  glide  slope.  However,  even  doubling  the  paired  localizer  and  glide-slope 
channels  from  20  to  40  falls  far  short  of  meeting  future  requirements,  particularly  as  airports  grow  and 
require  multiple  approach  capabilities. 

4.3.3  OVERFLIGHT  INTERFERENCES.  The  ILS  localizer  signal  Is  vulnerable  to  overflight  by  aircraft  taking 
off  directly  In  front  of  and  over  the  transmitting  antenna  [18].  When  this  occurs,  another  aircraft  using 
the  facility  for  an  Instrument  approach  receives  violent  needle  action  for  several  seconds.  A pilot 
making  a manual  approach  can  recognize  and  disregard  these  spurious  signals , but  It  Is  very  difficult  to 
design  an  automatic  system  to  take  this  erratic  Indication  into  account.  Efforts  have  been  made  to  mini- 
mize the  problems  of  overflight,  but  the  most  successful  solution  to  date  Is  to  control  takeoffs  so  as  not 
to  Interfere  with  aircraft  on  Instrument  approach.  This,  of  course,  has  the  effect  of  constraining  the 
amount  of  traffic  an  airport  can  handle. 

4.3.4  SINGLE  PATH.  The  ILS  Is  limited  to  a single  narrow  course,  usually  along  the  guide  slope  above  an 
extension  of  the  runway  centerline.  This  prevents  rerouting  appro;«ches  to  Improve  noise  abatement  over 
populated  areas  near  the  airport. 

4.3.5  FLARE.  The  glide  slope  does  not  provide  guidance  to  touchdown;  for  a complete  landing.  It  must  be 
supplemented  with  Information  obtained  from  a radio  altimeter  to  Initiate  flare  In  order  to  touch  down  at 
an  acceptable  rate  of  descent. 

4.3.6  MILITARY  LIMITATIONS.  Military  usage  of  ILS  Is  limited  because  the  VHF  and  UHF  frequencies  em- 
ployed require  large  antenna  arrays  unsuitable  for  portable  tactical  applications. 

4.4  THE  FUTURE  OF  ILS. 

Most  of  the  limitations  of  the  ILS  are  basic  to  Its  relatively  low  radio  frequencies.  Very  effective 
development  work  has  been  done  to  minimize  these  Inherent  problems,  but  ILS  tends  to  be  an  expensive  sys- 
tem to  build  and  Install,  and  Its  application  Is  still  restricted.  Although  It  Is  generally  acknowledged 
that  ILS  will  be  superseded  by  a microwave  landing  system  (MLS),  the  tremendous  Investment  In  ILS  design 
and  Installation  plus  trained  personnel  Is  almost  certain  to  guarantee  Its  continued  existence  for  as  long 
as  two  decades.  Accordingly,  a number  of  development  programs  are  underway  to  extract  the  best  possible 
performance  out  of  the  system  during  the  remainder  of  Its  life  [19].  New  ILS  will  continue  to  be  In- 
stalled and  older  systems  will  be  replaced  by  newer  and  better  equipment.  New  techniques  will  be  used 
to  overcome  deficiencies  and  limitations  described  In  earlier  paragraphs.  These  Improvements  can  be 
categorized  as:  (1)  antenna  redesign  to  make  the  system  less  site-sensitive;  (2)  advanced  mathematical 

modeling  of  Installation  factors  for  better  control  of  reflecting  objects  and  prediction  of  performance 
at  a proposed  site;  (3)  and  revised  monitoring,  probably  via  the  Integral  rather  than  the  near-fleld 
type  [20]. 

4.4.1  IMPROVED  LOCALIZERS.  Two  localizer  development  programs  In  the  U.  S.  show  promise  of  significant 
reduction  In  site  sensitivity;  the  Alford  Array  Antenna  Element,  which  has  already  been  put  Into  limited 
service,  and  the  Watts  Prototype  Slotted  Cable  Array. 

4. 4. 1.1  The  Alford  Array  Antenna  Element.  The  Alford  Array  Antenna  Element,  shown  In  Figure  4.6,  Is  an 
end-fire  antenna  In  which  a series  of  small  radiating  hoops  are  connected  by  an  open,  balanced  transmis- 
sion line  [21].  One  end  of  the  transmission  line  Is  fed  and  the  other  terminated  In  Its  characteristic 
Impedance.  This  array  Is  used  as  a modular  element;  thus  an  array  can  be  upgraded  to  higher  performance 
such  as  CAT  II  or  III  by  the  addition  of  elements.  The  array  permits  Integral  monitoring,  which  elimi- 
nates overflight  Interferences  to  the  monitor,  a difficult  problem  for  conventional  systems. 

The  Alford  Array  can  be  used  In  apertures  of  45  feet  to  140  feet  depending  upon  the  performance  required 
and  the  siting  difficulty.  The  high  directivity  of  the  wide  aperture  makes  possible  operation  at  sites 
where  reflecting  objects  arc  located  as  close  as  5 to  8 degrees  to  runway  centerline.  The  majority 
of  sites  can  be  served  by  arrays  of  much  less  aperture. 

4. 4. 1.2  Watts  Prototype  Slotted  CaLle  Localizer  Array.  A very  promising  new  array  currently  under  test 
has  been  developed  by  Watts  Prototype  of  Alexandria,  Virginia  [22]  [23].  Up-fp-g  a slotted  cable  array, 
the  localizer  presents  a minimum  obstruction  with  performance  at  least  equal  to  the  large  wave-guide 
system.  The  slotted  cable  Is  used  In  a two-frequency  capture  effect  system  similar  to  the  wave  guide 
and  clearance  array  system.  The  antenna  Itself  (see  Figure  4.7)  consists  of  a 1-5/8-lnch  diameter 
transmission  line  cut  to  the  length  of  the  array.  Sleeves  are  spaced  equally  along  the  transmission  line, 
with  or.e  end  of  each  sleeve  fastened  electrically  to  the  outer  conductor  of  the  transmission  line  and  the 
other  end  Isolated  from  the  transmission  line  by  a dielectric  sleeve.  A probe  attached  to  the  free  end 

of  the  sleeve  passes  through  a hole  In  the  outer  conductor  to  provide  electrical  excitation  to  the  slot. 

Feed  lines  supplied  from  a hybrid  unit  apply  excitation  to  each  end  of  the  antenna.  Each  successive 
sleeve  Is  alternately  reversed  to  take  Into  account  the  180-degree  phase  reversal  for  element  spacing  of 
one-half  wavelength.  The  monitor  pickup  Is  a similar  array  running  parallel  to  the  antenna  at  a spacing 
of  26.8  Inches  and  also  functions  as  a reflector.  The  advantage  of  the  monitor  Is  the  ability  of  checking 
radiation  along  the  entire  length  of  the  antenna. 
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Figure  4.6  Alford  Array  Antenna  Element  Showing  Element  and  Support  Details 
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Figure  4,7  Watts  Prototype  Slotted  Cable  Radiator 


Figure  4.8  Wave-Guide  Glide-Slope  Antenna  Does  Not  Depend  on  Terrain  for  Image  Reflection 


4. 4. 2. 2 Wave-Guide  Glide-Slope  Antenna.  A wave-guide  glide-slope  antenna  was  originally  developed  by  AIL 
Division  of  Cutler-Hamiuer  to  cope  with  the  special  conditions  encountered  at  the  LaGuardla  Airport  pier- 
type  runways  over  water.  The  rising  and  falling  tides  caused  an  unacceptable  shift  In  glide-slope  angle 
when  a conventional  null-reference  glide-slope  transmitter  was  Installed.  The  Installation  of  a 60-foot 
wave  guide,  tilted  slightly  from  vertical  to  provide  the  proper  glide-slope  angle,  Improved  performance 
at  the  site  to  permit  CAT  I operation  (see  Figure  4.8).  Later,  Westlnghouse  Defense  and  Electronic 
System  Center  modified  the  antenna  to  meet  CAT  II  requirements.  A key  part  of  the  modification  was 
length  added  to  each  end  of  the  array  for  a total  of  72  feet  [27]  [28]. 
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4. A.  2.  3 Watts  Prototype  Guide  Slope.  Tlie  two-antenna  end-fire  slotted-cable  glide  slope  antenna  uses  a 
different  approach  than  existing  systems,  and  promises  good  performance  for  siting  conditions  under 
which  other  ILS  systems  are  unworkable  or  impractical  [19]  [29].  llie  antenna  array  consists  of  two  slot- 
ted cable  antennas,  each  radiating  circular  phase  fronts  to  control  patli  angle  over  the  specified  azimuth 
sector.  The  two  antennas  (see  Figure  4.9)  have  a common  ptiase  center  located  200  feet  from  the  runway 
centerline  and  typically  1,000  feet  from  the  runway  threshold.  Azlmutli  coverage  is  nonsymmetrlcal  in 
order  to  provide  proper  coverage  over  the  approach  end  of  the  runway.  A significant  feature  of  the  system 
is  its  low  elevation  profile  (see  Figure  4.10).  Hie  antennas  are  only  4 feet  above  ground,  so  that  the 
proximity  of  the  antennas  to  the  runway  edge  does  not  create  an  obstruction  problem. 


4.5  VISUAL  AIDS 

4.5.1  EVOLUTION  OF  LIGHTING  AND  MARKING  SYSTEMS.  Early  workers  in  the  field  of  landing  guidance  made  no 
provisions  for  lighting  and  marking  .systems,  since  the  goal  was  blind  landing,  I.e.,  landing  with  refer- 
ence only  to  instruments.  Any  compromise  with  a full  solution  was  regarded  with  disdain.  Tills  idea  per- 
sisted throughout  the  early  development  period.  Not  until  landing  systems  development  reached  a greater 
degree  of  maturity  was  it  realized  that  pilots  would  not  land  an  aircraft  filled  with  passengers  based 
on  the  vagaries  of  a system  of  black  boxes  about  which  they  knew  little  and  sometimes  trusted  less. 

The  Immediate  answer  was  to  restrict  landings  to  conditions  where  there  was  a reasonable  degree  of 
visibility,  measured  by  the  extreme  distances  an  observer  could  see  objects  or  a limited  candle-power 
light.  Runway  edge  lighting  was  sometimes  helpful  at  night,  but  early  systems  were  too  low  powered 
for  daytime  operation  and  also  were  not  beamed  toward  the  approach.  The  pilot  usually  used  his  aircraft 
landing  lights,  but  often  this  did  more  harm  than  good  by  "blooming"  a light  fog.  Also  there  was  no 
marking  system  .o  distinguish  a runway  from  Its  surroundings. 


The  large-scale  operations  In  England  during  World  War  II  sometimes  ended  disastrously  when  aircraft 
returning  to  base  were  faced  with  impossible  conditions  of  visibility.  Extensive  losses  of  aircraft 
and  c.ews  resulted  and  drastic  action  was  taken  in  the  form  of  FIDO  (see  paragraph  2.1).  Huge  quantities 
of  raw  gasoline  were  poured  into  trenches  bordering  runways  and  tlien  Ignited.  The  intense  heat  burned  off 
enough  fog  for  approaching  aircraft  to  make  a visual  landing  after  a low  approach  on  an  electronic  system. 
Although  FIDO  served  its  purpose,  it  was  obviously  an  uneconomical  system  for  routine  operations.  Al- 
though later  attempts  were  made  to  Improve  operation,  the  system  was  abandoned.  Other  methods  of  fog  re- 
moval such  as  seeding  and  ionization  have  been  the  subject  of  extensive  experimentation,  but  with  only 
spotty  success.  Such  efforts  are  still  going  on,  and  the  idea  of  eliminating  the  fog  rather  than  trying 
to  punch  through  it  has  not  yet  been  written  off  completely. 

The  first  steps  toward  improved  lighting  for  poor  visibility  operation  were  to  Increase  the  power  of 
runway  edge  lighting  and  to  beam  the  lights  toward  the  approaching  aircraft  for  maximum  penetration  of 
fog  and  haze.  It  was  realized  that  lights  were  required  for  day  as  well  as  night  use  and  that  daytime 
lighting  against  a b ight  fog  background  needed  m.issive  power  to  be  effective. 

With  Improved  runway  lighting  came  a realization  that  a visual  gap  existed  between  the  end  of  the  ap- 
proach on  the  landing  guidance  system  and  the  runway  edge  lighting.  The  answer  was  a system  of  approach 
lights,  initially  Installed  on  an  extension  of  the  left  edge  of  the  runway,  and  later  Installed  on  the 
centerline  back  from  the  runway  threshold  almost  to  the  middle  marker. 

With  this  greatly  improved  situation,  operations  were  possible  to  much  lower  minimums,  but  pilots  became 
acutely  aware  of  coming  to  the  end  of  a very  effective  system  of  approach  lights  and  being  faced  with  a 
"black  hole"  at  the  runway.  The  edge  lights,  though  powerful,  were  too  far  from  the  centerline  to  be 
effective.  Lighting  engineers  responded  to  the  problem  with  "in  runway"  lighting  in  which  powerful 
light  sources  are  installed  directly  in  the  runway  pavement  almost  flush  with  the  surface.  These  provide 
centerline  lighting  for  the  entire  length  of  the  runway.  In  addition,  lights  are  Installed  in  a pattern 
to  designate  the  touchdown  zone  in  order  to  provide  the  pilot  with  visual  clues  required  to  make  the 
critical  flare  and  touchdown  maneuvers. 

In  addition  to  the  extensive  Improvements  made  in  lighting,  a parallel  program  has  resulted  in  much  more 
precise  visibility  measurement  systems,  consisting  of  cellometers  for  measuring  cloud  height  and  transmis- 
someters  for  measuring  visual  range.  Still  in  the  future  is  a system  to  measure  slant  range  visibility 
so  that  the  pilot  can  be  given  an  exact  report  on  what  he  can  expect  to  see  when  he  reaches  decision 
height.  Runway  marking  systems  have  gone  through  a period  of  development  similar  to  that  of  lighting. 

The  Importance  of  good  marking  can  be  realized  when  one  considers  that  under  certain  conditions  of  bright 
daytime  fog,  high-contrast  markings  (see  paragraph  4.5.3)  are  more  effective  than  even  high-intensity 
lights . 

4.5.2  PRESENT  STANDARD  LIGHTING  SYSTEMS 

4. 5. 2.1  Approach  Lighting.  Instrument  approach  lighting  systems  permit  the  transition  from  instrument 
to  visual  approach  and  bring  the  pilot  within  range  of  the  runway  lighting  system.  The  configuration 
used  in  the  U.  S.  , shown  in  Figure  4.11,  conforms  to  ICAO  standards  [30]  [31].  The  U.  S.  standard  Includes 
a series  of  short-duration  high-intensity  condenser-discharge  lights  collocated  with  steadily  burning 
lights.  These  discharge  lights  are  flashed  sequentially,  giving  the  appearance  of  a "ball  of  fire"  racing 
along  the  approach.  They  run  the  full  length  of  the  approach-light  lane  twice  in  one  second.  The  se- 
quence flashing  lights,  even  in  conditions  of  poor  visibility,  are  effective  in  giving  the  pilot  advance 
notice  that  he  is  nearing  or  over  the  approach  lights.  The  ste  .dlly  burning  lights  are  horizontal  bars 
14  feet  in  length  which  contain  five  sealed-beam  hlgh-lntenslty  lamps  aimed  toward  the  approaching 
aircraft. 
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Figure  4.10  Boeing  747  Opposite  Front  Watts  Prototype  Glide-Slope  Antenna 
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Figure  4.11  U.S.  National  Standard  Approach  Lighting  Configuration  (From  ICAO  Annex  14) 


For  CAT  II  operations,  red  barrettes  have  been  added  to  supplement  the  centerline  lights  in  the  1,000 
feet  preceding  the  threshold.  These  are  parallel  to  the  centerline  as  shown  in  Figure  4.12. 

4. 5. 2. 2 Runway  Lighting.  Runway  lighting  includes  the  edge  lighting,  discussed  in  paragraph  4.5.1  and 
used  primarily  to  define  the  edges  of  the  runway.  Maximum  longitudinal  spacing  between  runway  edge 
lights  is  200  feet. 


In-runway  llgnting  has  been  added  to  many  runways  to  make  them  eligible  for  CAT  II  operations.  The  com- 
plete, standard  iCAO  system  for  CAT  II  operation  is  shown  in  figure  4.12,  including  touchdown  zone  light- 
ing, which  generally  extends  3,000  feet  from  the  threshold,  whereas  centerline  lighting  continues  the  full 
length  of  the  runway.  The  centerline  lights  are  color  coded,  with  white  lights  extending  from  threshold 
to  within  3,000  feet  of  the  far  end,  and  then  alternate  red  and  white  lights  extend  to  within  1,000  feet 
of  the  runway  end.  The  final  1,000  feet  of  runway  are  coded  red. 

4.5.2. 3 Visual  Approach  Slope  Indicator.  The  introduction  of  jet  aircraft  into  commercial  operation 
increased  pilot  difficulty  in  maintaining  a proper  glide  slope  during  visual  approaches  and  during  the 
visual  completion  of  instrument  approaches.  ICAO  has  standardized  on  the  Visual  Approach  Slope  Indicator 
(VASI) , a system  of  lights  installed  on  each  side  of  the  runway  that  provides  color-coded  indications  of 
the  position  of  the  aircraft  with  respect  to  the  pr-p-r  glide-slope  angle.  The  principle  of  the  basic 
light  unit  used  for  VASI  is  shown  schematically  in  Figure  4.13.  Installation  includes  2,  4 or  12  light 
units  depending  on  the  needs  of  the  runway. 
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SECTION  5 

MICROWAVE  LANDING  SYSTEMS  CURRENTLY  IN  USE 


The  limitations  of  ILS,  particularly  with  regard  to  siting,  portability,  and  antenna  size,  have  forced  the 
development  of  a number  of  microwave  landing  systems  (MLS)  aimed  at  meeting  specific,  limited  operational 
requirements  [32].  A number  of  these  systems  have  reached  operational  status  and  have  been  produced  In 
sizeable  quantities.  Unfortunately,  these  systems  are  not  compatible  with  each  other,  and  an  aircraft 
equlppt;d  with  an  airborne  set  is  restricted  to  using  companion  ground  equipment  only.  The  proliferation 
of  Interim  systems  and  the  potential  problems  that  certainly  would  develop  as  a result  of  noncompatible 
frequencies,  modulation  techniques,  and  signal  formats  stimulated  the  current  worldwide  effort  to  agree  on 
a single  standard  MLS.  This  effort  Is  described  In  Sections  7 and  8. 

Although  about  40  different  microwave  landing  systems  have  been  developed  to  meet  various  requirements, 
only  a relative  few  have  actually  reached  operational  status  and  have  been  produced  In  significant  quanti- 
ties. These  may  be  placed  In  three  major  classifications:  aircraft  carrier  systems,  military  tactical  sys- 
tems, and  civil  systems. 

5. 1 .VIRCRAFT  CARRIER  LANDING  SYSTEM 

There  was  early  recognition  that  the  ILS  could  not  meet  the  stringent  requirements  of  carrier  deck  landings. 
Sheer  size  of  antennas  required  for  VHP  and  UHF  operation  ruled  out  the  possibility  of  siting  on  carrier 
decks.  Even  If  space  could  be  found,  the  problem  of  stabilizing  such  large  arrays  to  compensate  for  deck 
motion  Is  virtually  Insurmountable.  Even  assuming  these  problems  could  be  solved,  the  limited  area  of  a 
carrier  deck  still  Is  not  adequate  to  form  the  large  ground  plane  needed  to  produce  the  lobe  structure  re- 
quired for  the  ILS  glide  slope.  For  these  reasons  microwave  landing  systems  for  carrier  deck  use  were 
developed  early  by  the  U.S.  Navy  and  have  been  used  for  many  years. 

5.1.1  EARLY  CARRIER  SYSTEMS.  The  first  operational  U.S.  systems,  AN/SPN-8  and  AN/SPN-12,  were  based  on 
the  GCA  concept,  but  used  stabilized  active  tracking  radars  to  measure  azimuth  and  elevation  angles  as  well 
as  distance.  This  ground-derived  information  was  presented  to  a ground  controller,  who  gave  steering  sig- 
nals by  voice  link  to  the  pilot  as  In  a GCA  approach.  These  systems  depended  on  visual  completion  of  the 
landing  aided  by  a mirror  optical  system  that  gave  the  pilot  a glide-path  reference  to  the  deck.  The 
mirror  system  was  later  replaced  by  a more  precise  Fresnel  lens  system  stabilized  to  compensate  for  deck 
motion  [33]. 

5.1.2  ADVANCED  SYSTEMS.  The  voice-link  systems  were  superseded  by  the  AN/SPN-10  and  later  the  AN/SPN-42, 
which,  in  addition  to  having  the  voice  capability,  transmitted  azimuth  and  elevation  steering  signals  to 
the  aircraft  by  UHF  radio.  The  pilot's  display  of  this  information  was  In  the  form  of  the  conventional 
crosspointer  indicator,  and  the  Information  could  also  be  used  to  steer  the  aircraft  automatically.  Ini- 
tially, the  radar  return  signals  were  reinforced  by  passive  comer  reflectors,  but  because  of  short  range 
and  severe  rain  attenuation,  transponders  were  added  to  the  aircraft.  Since  a radar  could  track  only  one 
aircraft  at  a time,  two  radars  were  used  to  Increase  the  acceptance  rate  [34]. 

5.1.3  AIR-DERIVED  BACKUP  SYSTEM.  Responding  to  the  need  for  Increased  range  and  capacity,  the  l.avy- 
sponsored  development  of  an  alr-derlved  microwave  scanning  beam  system,  the  AN/SPN-41  [34].  In  c.Jdltion  to 
providing  much  greater  range  and  an  unlimited  capacity,  this  system  was  installed  as  an  added  facility 
rather  than  a replacement,  and  as  such  provided  a totally  redundant  capability  (see  Figure  5.1).  Agreement 
between  the  radar  tracking  system  and  the  scanning  beam  system  does  not  continue  all  the  way  to  the  deck; 
the  scanning  beam  system  Is  Ignored  when  the  aircraft  Is  within  12  seconds  of  touchdown.  Because  a carrier 
deck  Is  subject  to  the  complex  motions  of  roll,  pitch,  heading,  yaw,  and  heave,  carrier  landing  systems  must 
compensate  for  each  of  these  variables  and  transmit  computer-corrected  Information  to  the  landing  aircraft. 
In  addition,  the  computer  stores  aircraft  performance  parameters  and  provides  optimum  approach  guidance  for 
each  aircraft  type  operating  from  the  carrier. 

5.2  INTERIM  TACTICAL  MLS  PROGRAMS 


The  ILS  has  Inherent  limitations  that  Inhibit  or  actually  prevent  its  effective  use  as  a tactical  landing 
aid.  The  size  and  weight  of  the  antenna  arrays  make  It  difficult  If  not  impossible  to  design  a configura- 
tion that  has  the  needed  portability  and  which  can  be  quickly  and  easily  Installed.  To  obtain  high-quality 
courses,  extensive  site  preparation  Is  often  required.  This  limitation  Is  simply  unacceptable  In  a tactical 
environment. 

Because  of  such  problems  military  services  of  several  countries  have  made  substantial  investments  In  various 
microwave  systems  In  advance  despite  full  knowledge  that  these  systems  will  become  obsolete  when  a standard 
MLS  becomes  a reality.  Brief  descriptions  of  these  Interim  systems  follow. 

5.2.1  MADGE.  The  MADGE  System  was  designed  to  meet  the  tactical  requirements  of  the  United  Kingdom's  Royal 
Air  Force,  and  quantities  are  being  produced  to  meet  this  need.  Angle  measurements,  both  azimuth  and  ele- 
vation, are  ground  derived  using  Interferometric  techniques.  Distance  Is  measured  In  the  aircraft  based  on 
the  round-trip  travel  of  the  signal  between  air  and  ground.  The  system  operates  at  C-band. 

Equipment  in  the  aircraft  Includes  a receiver-decoder.  Digital  address  codes  are  used  to  Identify  both  the 
aircraft  and  the  ground  system  being  Interrogated  by  the  aircraft.  When  an  aircraft  Interrogates  a ground 
station,  the  Intetferometer  measures  the  angle  during  the  period  of  the  beacon  pulse.  This  angle  data  is 
stored  until  called  up  by  the  data  link. 

The  range-measuring  system  controls  a range  tracking  gate  In  the  aircraft  receiver.  The  MADGE  system  accu- 
racy Is  dependent  on  the  spacing  between  two  antennas.  The  ambiguities  that  result  from  wide  spacing  are 
resolved  by  reference  to  the  phases  of  signals  generated  from  pairs  of  decreased  spacing  signal  sources. 
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Figure  5.1  Automatic  Carrier  Landing  System  Block  Diagram 

5.2.2  TALAR.  TALAR  Is  r.  highly  portable  tactical  system  adopted  by  the  U.S.  Air  Force  for  use  by  C-130 
aircraft  during  the  height  of  the  conflict  In  Southeast  Asia.  Systems  are  still  operated  and  maintained 
by  the  U.S.  Tactical  Air  Command. 

f 

I Operating  at  Ku-band,  TALAR  has  both  glide  slope  and  localizer  antenna  arrays  In  a single  case  Installed 

1 on  a quick-setup  mounting.  The  two  antenna  arrays  are  excited  by  a single  magnetron  (later  a traveling 

I wave  tube)  on  a time-shared  basis.  TALAR  guidance  signals  are  formed  by  the  Intersection  of  two  overlap- 

! ping  beams,  each  modulated  at  a different  audio  frequency  and  radiated  from  slotted  wave-guide  antennas. 
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The  airborne  system  consists  of  a horn  antenna  feeding  a tunnel  diode  detector  and  amplifier.  A separate 
box  houses  the  signal  processing  unit.  The  system  operates  on  a single  channel  and  uses  conventional 
cockpit  Instruments  and  autopilot  couplers  already  Installed  In  the  aircraft. 

5.2.3  MARINE  REMOTE  AREA  APPROACH  AND  LANDING  SYSTEM.  The  U.S.  Marine  Corps  has  completed  a development 
program  for  a tactical  microwave  landing  system  and  Is  currently  In  the  final  stages  of  selecting  hardware 
from  two  competing  firms.  The  Marine  Remote  Approach  and  Landing  System  (MRAALS)  Is  a Ku-band  mechanical 
scanning  beam  system  compatible  with  currently  used  U.S.  Navy  carrier  airborne  landing  systems.  The 
ground  equipment,  which  Includes  a localizer,  glide  slope  and  DME,  are  all  contained  In  a single  small  con- 
tainer that  weighs  less  than  100  pounds.  The  system  Is  rugged  enough  for  tactical  handling,  has  bullt-ln 
supports,  and  can  be  set  up  and  aligned  In  less  than  10  minutes. 

5. 2. A SYDAC . SYDAC  Is  an  ILS-compatible  system  operating  at  C-band  and  using  equislgnal  beam  formlrs 
techniques  for  both  localizer  and  glide  slope.  Audio  modulation  frequencies  correspond  to  the  90  and  150 
Hz  used  in  conventional  ILS.  A localizer  signal  Is  generated  by  a solid-state  RF  source  and  multiplier 
chain  having  an  output  frequency  of  5003  MHz.  A similar  signal  source  produces  a glide-slope  frequency  of 
5225  MHz.  The  microwave  converter  In  the  aircraft  has  a hlgh-stabllity  oscillator  operating  at  A893  MHz, 
with  the  different  frequencies  corrected  for  Input  to  localizer  and  glide-slope  receivers. 

5.3  CIVIL  INTERIM  MLS  PROGRAMS 


The  pressure  to  overcome  the  deficiencies  of  ILS  at  civil  airports  with  difficult  sltln.  problems  has  re- 
sulted In  the  development  of  a number  of  Interim  microwave  landing  systems  as  proposed  :^o.lutions.  Some  of 
these  have  reached  operational  status  In  spite  of  strong  opposition  from  organizations  concerned  about  the 
chaotic  situation  that  might  develop  If  a number  of  noncompatible  systems  were  allowed  to  be  placed  In 
service.  It  Is  argued  by  opponents  that  an  Interim  system  might  gain  enough  support  to  forestall  the  im- 
plementation of  a universal  MLS  program  and  yet  lacks  the  features  needed  for  the  long-term  future.  Never- 
theless, the  Interim  systems  briefly  described  In  the  following  paragraphs  have  reached  some  degree  of 
formal  acceptance  and  are  currently  In  limited  operational  use. 
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5.3.1  TULL  AVIATION  SYSTD1.  The  Tull  Aviation  Microwave  ILS  consists  of  a localizer  and  glide  slope  In- 
stalled at  approximately  the  same  locations  as  conventional  ILS.  A step-scan  technique  Is  used  for  both 
localizer  and  glide  slope,  and  audio  modulation  frequencies  of  90  and  150  Hz  are  used  for  compatibility 
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with  the  ILS  airborne  equipment.  Three  frequencies  are  transmitted  to  the  approaching  aircraft.  When  a 
frequency  of  5005.2  MHz  Is  received  by  the  airborne  microwave  converter,  an  oscillator  locks  to  a fre- 
quency of  4892.2  MHz.  When  additional  frequencies  of  5000.3  MHz  and  5226.9  MHz  are  received,  they  are 
beat  with  the  oscillator  frequency  to  produce  108.1  MHz  for  the  localizer  receiver  and  334.7  MHz  for  the 
glide-slope  receiver.  These  signals  are  fed  through  slightly  modified  receivers  to  produce  conventional 
Instrument  Indications.  Frequency  selection  la  made  by  using  the  conventional  ILS  selector,  giving  a 
capacity  of  20  channels.  By  changing  the  reference  frequency,  a total  of  100  localizer  channels  and  95 
glide-slope  channels  can  be  produced.  The  Tull  System  has  recently  been  officially  designated  as  the  U.S. 
Interim  Microwave  Landing  System,  and  although  no  governmer t-sponsored  Installation  program  Is  planned,  the 
system  is  eligible  for  Airport  Development  Aid  Program  funding  [35]. 

5.3.2  TALAR  IV  C.  The  TALAR  IV  C system  la  a modified  civil  version  of  the  tactical  system  descrihed  in 
paragraph  5.2.2.  Improvements  Include  10  channels  as  compared  to  the  single  channel  of  the  tactical  sys- 
tem. A full  monitoring  system  Is  Included  and  a long-life  traveling  wave  tube  Is  used  In  lieu  of  the  mag- 
netron. Weather  protection,  Including  a rain  shield  and  deicing  for  both  transmitter  and  monitor,  is  part 
of  the  system.  The  system  has  been  operating  In  a limited  number  of  locations  since  1971  and  providing 
substantially  lowered  mlnimums  at  sites  considered  very  difficult  for  ILS. 

5.3.3  SETAC  (German) . The  SETAC  system  is  an  adaptation  of  TACAN,  the  military  Rho-Theta  navigation 
systeti.  Operating  at  L-band  (1  GHz),  It  compresses  the  full  360  degrees  of  the  navigation  system  to  a 
36-.iegree  sector  for  precise  localizer  guidance.  The  basic  system,  SETAC-A,  does  not  Include  elevation 
guidance  but  depends  on  Improved  accuracy  DME  to  provide  the  basis  for  a computed  glide  slope  [36]. 

SETAC-A  produces  Its  sector  guidance  by  use  of  a rotating  hyperbolic  field  generated  electronically.  Two 
signals  having  the  same  frequency,  phase,  and  amplitude  are  cultted  from  sources  spaced  one  wavelength 
apart,  resulting  in  a four-lobed  pattern.  Change  in  phase  of  the  two  signals  Is  caused  by  a drop  In  the 
frequency,  which  Is  repeated  15  times  per  second.  The  result  Is  a rotating  pattern  that,  viewed  from  a 
distance,  appears  to  have  an  amplitude  modulation  of  15  Kz  and  a bearing-dependent  phase,  as  in  TACAN.  By 
proper  selection  of  the  antenna  spacing,  the  interval  between  zero  points  can  be  made  to  be  36  degrees. 

This  Is  a tenfold  Increase  In  resolution  over  TACAN,  where  the  spacing  between  zero  points  requires  a full 
360  degrees. 

A Doppler  glide  slope,  known  as  SETAC-E,  Is  available  that  uses  a separate  transmitter  at  the  conventional 
glide-slope  location.  The  glide-slope  signals  are  multiplexed  with  the  SETAC-A  signals,  making  use  of  the 
"dead  time"  of  60  to  70  ms  following  the  transmission  of  each  double  pulse.  An  additional  module  Is  used 
In  the  aircraft  to  process  the  elevation  signal.  The  advantage  claimed  Is  the  use  of  existing  airborne 
equipment  already  Installed  In  military  fleets  requiring  only  modest  alteration  to  provide  full  landing 
guidance  capability. 


523 


SECTION  6 

ADVANTAGE  OF  MICROWAVES  FOR  FUTURE  WORLD  STANDARD  SYSTEMS 

6.1  MICROWAVE  SYSTEMS  CAN  MEET  FUTURE  REQUIREMENTS 

In  spite  of  the  tremendous  Investment  already  made  In  both  airborne  and  ground  ILS  equipment,  and  fully 
recognizing  the  extensive  operational  and  technical  know-how  that  has  developed  In  Its  use,  the  limitations 
of  the  system,  discussed  In  paragraph  4.3,  are  such  that  strong  pressures  are  being  brought  to  bear  to  re- 
place ILS  with  a MLS.  None  of  the  Interim  systems  are  capable  of  meeting  present  and  future  requirements 
of  all  users  for  a worldwide  standard  system.  Delay  In  achieving  agreement  on  a universal  standard  sys- 
tem may  lead  to  increasing  Investment  In  various  nonstandard  microwave  landing  systems  which  might  force 
users  to  carry  several  sets  of  airborne  equipment  when  crossing  national  boundaries  or  when  operating  Into 
both  clvH  and  ml  itary  airfields. 

To  avoid  such  chaos,  effort  was  begun  to  develop  a signal  format  capable  of  meeting  the  requirements  of  all 
users.  The  format  would  have  to  havt^  enough  flexibility  to  allow  simple  equipment,  both  airborne  and 
ground,  to  be  used  for  less  stringent  requirements  and  yet  at  the  same  time  permit  more  complex  but  still 
fully  compatible  versions  to  be  used  to  meet  the  most  critical  requirements  of  those  willing  to  pay  for 
the  Increased  sophistication. 

To  meet  these  requirements.  It  was  recognized  that  microwaves  offered  substantial  advantages  over  the  VHF- 
UHF  frequencies  used  for  ILS,  particularly  In  the  areas  discussed  In  the  following  paragraphs. 

6.1.1  RELATIVE  FREEDOM  FROM  ADVERSE  SITING  EFFECTS.  The  use  of  microwaves  provides  relative  freedom  from 
adverse  siting  effects  that  have  plagued  the  ILS  from  its  earliest  development  and  which  continue  to  re- 
sist the  best  efforts  of  research  and  development.  Although  substantial  ILS  progress  has  been  made.  It  Is 
generally  recognized  that  basic  physical  limitations  are  being  approached,  whereas  the  better  control  of 
beam  shapes  made  possible  by  the  smaller  antenna  apertures  at  microwave  frequencies  give  designers  a power- 
ful tool  for  relieving  this  problem. 

6.1.2  OPERATIONAL  FLEXIBILITY.  Microwave  landing  systems  offer  the  possibility  of  greatly  Increased  oper- 

ational flexibility.  Flight  operations  using  ILS  are  limited  to  a single  stralght-llne  path  normally  pro- 
jected along  the  extended  centerline  of  the  runway  (or  In  some  cases,  slightly  offset  a few  degrees  to  meet 

local  siting  restrictions)  and  along  a single  stralght-llne  glide  slope  approaching  the  runway  at  a fixed 

angle.  The  use  of  microwaves  gives  the  terminal  area  designer  a new  set  of  tools  to  increase  runway  and 
airport  capacity,  ameliorate  noise  pollution,  and  avoid  traffic  interference  between  adjacent  airports. 

6. 1.2.1  Curved.  Segmented.  And  Multiple  Paths.  The  ability  of  microwave  systems  to  provide  airciaft  with 

position  data  required  for  curved  or  segmented  paths  In  both  the  horizontal  and  vortical  planes  will  allow 
precision  guidance  around  obstructions  and  nolse-sensitlve  communities.  Segmented  glide-slope  approaches 
will  permit  higher  Initial  approaches,  with  an  attendant  reduction  In  noise  level  beneath  the  approaching 
aircraft.  Parallel  runways  can  be  served  by  simultaneous  landings  of  aircraft  utilizing  accurate  lateral 
and  vertical  separation  for  curved  approaches  with  a high  degree  of  assurance.  Cockpit  selection  of  glide- 

slope  angle  Is  possible  with  MLS  and  may  be  useful  In  optimizing  the  approach  angle  for  each  specific  air- 

craft, or  In  providing  guidance  for  maximum-angle  noise-abatement  procedures. 

6. 1.2. 2 Flare  Guidance.  Although  the  ILS  was  originally  designed  to  provide  landing  guidance  to  touch- 
down, It  was  able  to  achieve  this  only  because  of  the  aircraft  performance  characteristics  of  that  time. 

An  aircraft  with  a 70-knot  approach  speed  flying  a 2-degree  glide  slope  (the  angle  used  In  early  experi- 
ments) produced  ? rate  of  descent  acceptable  for  touchdown.  This  proved  to  be  a temporary  situation, 
however,  and  both  aircraft  approach  speeds  and  glide-slope  angles  have  Increased  significantly  so  that 
maintaining  full  rate  of  descent  to  touchdown  today  most  likely  would  end  In  disaster.  Rather  than  attempt 
to  provide  beam  guidance  to  touchdown,  landing  system  designers  have  resorted  to  other  methods,  usually 
Involving  radio  altimeters,  accelerometers  and  other  aids  to  program  a reduced  rate  of  descent.  The  glide 
slope  normally  Is  not  used  below  50  feet.  The  use  of  radio  altimeters  for  Initiating  flare  leaves  much  to 
be  desired  because  of  lack  of  uniformity  of  terrain  profiles  just  ahead  of  runway  thresholds  from  airport 
to  airport.  The  use  of  microwaves  will  allow  the  extension  of  precise  ground-based  landing  guidance  al- 
most all  the  way  to  touchdown,  uniformly  at  each  airport.  In  most  proposed  systems,  flare  guidance  re- 
quires a special  transmitter  used  In  conjunction  with  range  Information  from  a DME  to  compute  the  flare 
path.  It  is  likely  that  flare  guidance  will  be  an  optional  feature. 

6.1.3  AIRCRAFT  CARRIER  OPERATION.  The  advantages  of  microwave  landing  systems  on  aircraft  carrier  decks 
has  been  fully  proven  by  years  of  operational  experience.  It  is  likely  that  present  carrier  microwave 
landing  systems  will  be  replaced  by  the  universal  MLS  to  provide  carrier-based  aircraft  with  the  capability 
of  operating  compatibly  with  ground-based  military  systems  and  at  joint  clvil-mllltary  airports  without 
having  to  carry  separate  airborne  equipment. 

6.1.4  PORTABILITY  AND  TACTICAL  SUITABILITY  OF  MICROWAVE  SYSTEMS.  As  In  the  case  of  aircraft  carriers, 
ground-based  Interim  microwave  landing  systems  have  been  successfully  used  in  tactical  operations  and  have 
s..own  their  superiority  over  the  ILS  for  this  application.  The  lightweight,  small-slze  and  low-power  re- 
quirements and  the  quick  set-up  time  have  given  military  tacticians  new  flexibility  in  planning  forward 
area  air  operations. 

6.1.5  FREQUENCY  SPECTRUM  AVAILABILITY.  The  problem  of  limited  frequency  spectrum  availability  was  dis- 
cussed In  paragraph  4.3.2.  The  20  channels  presently  In  use  at  VHF  and  UNF  are  Inadequate  to  meet  the 
requirements  for  expanded  use  of  the  ILS.  Even  the  planned  Increase  to  40  channels  will  not  meet  the 
long-range  requirements  for  landing  system  Implementation.  And  this  Increase  in  number  of  channels  Is 
being  accomplished  only  by  cutting  the  spacing  between  channels  In  half.  There  is  almost  no  chance  of  In- 
creasing VHF  or  UHF  spectrum  allocations  for  landing  guidance  systems  because  of  the  heavily  vested  Inter- 
est in  facilities  adjacent  to  the  ILS  bands.  This  is  a powerful  argument  In  favor  of  using  microwaves, 
wi.ere  nortlons  of  the  frequency  spectrum,  although  by  no  means  unlimited,  are  much  more  available  than  at 
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the  ILS  frequencies.  Current  estimates  are  that  200  cliannels  may  be  needed  to  meet  loni!”tenn  requirements, 
5 and  microwave  systems  are  being  developed  with  that  capability. 

i 6.1.6  LESS  SUSCEPTIBILITY  TO  AIRCRAFT  INTERFERENCK.  Microwave  systems  have  proven  to  be  less  susceptible 

i than  conventional  ILS  to  the  effects  of  multipath  caused  by  aircraft  reflections.  Such  Interference  often 

i occurs  when  one  aircraft  is  following  another  during  an  ILS  approach.  The  following  aircraft  may  receive 

! erratic  indications  as  the  first  aircraft  comes  between  It  and  the  transmitter.  More  severe  Interference 

occurs  when  an  aircraft  taking  off  flies  low  over  the  localizer  tran.smltter.  These  problems  are  greatly 
{ reduced  at  microwave  frequencies. 

6.1.7  POTENTIALLY  LOWER  COST  OF  MICROWAVE  SYSTEMS.  Although  a complete  CAT  111  MLS  offering  a full  range 
of  services  consisting  of  curved  approach  guidance  through  wide  azimuth  angles,  precision  DME,  guidance 
for  segmented  glide  slope,  flare  guidance  to  touchdown,  rollout,  and  missed  approach  guidance  Is  likely 
to  cost  more  than  the  most  advanced  ILS  giving  comparable  If  not  equivalent  service,  tlie  total  Implemen- 
tation of  a MLS  program  should  cost  less  than  continued  Implementation  of  ILS  because: 

• Site  preparation  costs  will  be  virtually  eliminated. 

• MLS  can  be  tailored  to  the  required  degree  of  sophistication. 

• The  Installation  costs  of  MI.S  are  less  because  of  smaller  equipment  size. 

• Use  of  DME  may  eliminate  real-estate  costs  of  nvirker  beacon  sltis  outside  of  airport  boundaries. 

• Collocation  of  MLS  azimuth  and  elevation  transmitters  or  even  time  sharing  a single  transmitter.  Is 
feasible  for  the  least  critical  MLS  version. 
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SECTION  7 


MICROWAVE  LANDING  SYSTEM  DESIGN  CONSIDERATIONS 


A microwave  landing  systems  (MLS)  Is  defined,  for  the  purposes  of  this  section,  as  any  low-approach  and 
landing  systems  that  operates  In  the  microwave  region  of  the  frequency  spectrum.  Prerequisites  to  the  MLS 
equipment  design  effort  are  the  selection  of  a carrier  frequency  and  a signal  format  with  sufficient  In- 
formation content  to  accommodate  operational  requirements.  Each  of  these  two  factors  are  discussed  in 
this  section,  along  with  a description  of  the  basic  techniques  for  generating  the  necessary  slgnals-ln- 
space  for  landing  guidance.  Emphasis  Is  directed  towards  alr-derlved  data  systems  since  this  category  has 
been  the  mainstay  of  commercial  aviation  for  many  years.  This  section  draws  heavily  on  a draft  paper  pre- 
pared for  the  FAA  [37]. 

7.1  SELECTION  OF  CARRIER  FREQUENCY 

The  selection  of  an  operational  carrier  frequency  Is  a fundamental  decision  that  must  be  made  before  em- 
barking on  the  design  of  a new  MLS.  Factors  that  must  be  considered  In  this  selection  process  are  dis- 
cussed in  paragraphs  7.1.1  through  7.1.3. 

7.1.1  FREQUENCY  AUTHORIZATION.  Both  national  and  International  regulations  dominate  technical  considera- 
tions in  the  selection  of  a carrier  frequency.  Frequency  allocations  other  than  those  already  established 
for  this  type  of  service  would  require  tedious  administrative  efforts  that  could  last  for  several  years 
before  approval  of  new  frequencies  was  obtained.  If  at  all.  Current  frequency  allocations  permit  the  Im- 
plementation of  microwave  landing  systems  only  In  specified  regions  of  the  C-,  K-,  Ku-,  and  Ka-bands, 
depending  upon  equipment  function,  plus  L-band  for  the  DME  componen.'. 

7.1.2  PRECIPITATION  ATTENUATION.  Rain  greatly  attenuates  RF  signals  at  higher  frequencies,  resulting  in 
a considerable  loss  of  signal  above  C-band.  For  example.  In  a very  heavy  rain  of  2 Inches  per  hour,  the 
attenuation  of  a Ku-band  signal  over  a 10-kllometer  path  Is  about  30-dB  higher  than  the  attenuation  of  a 
C-band  signal  over  the  same  path.  Equivalent  performance  at  the  two  frequencies  would  require  not  only  a 
Ku-band  signal  power  Increase  over  a C-band  signal  by  a factor  of  10^  to  overcome  attenuation,  but  also  an 
additional  factor  of  9 to  compensate  for  the  larger  energy  collection  area  required  of  a C-band  antenna. 
Values  of  attenuation  caused  by  various  rainfall  rates  are  difficult  to  determine  with  reasonable  accuracy, 
since  the  attenuation  varies  considerably  with  raindrop  particle  sizes  and  distributions.  Furthermore,  the 
exact  values  of  attenuation  are  difficult  to  measure  because  the  rain  rate  over  a measurement  path  normally 
varies  substantially  along  the  path. 

An  interesting  presentation  of  the  average  theoretical  and  empirical  precipitation  effects  Is  illustrated 
by  Figure  7,1,  where  the  range  In  clear  weather,  Rc,  Is  related  to  the  range  In  rain,  Rj.,  for  various  rain 
rates  at  Ku-band.  For  example,  a Ku-band  MLS  having  a clear-weather  range  of  90  miles  will  be  reduced  to 
a range  of  5 miles  at  a rain  rate  of  2 Inches  per  hour. 

7.1.3  HARDWARE  IMPACT.  The  size  and  weight  of  the  ground  equipment  of  a landing  guidance  system  are  af- 
fected by  the  selection  of  carrier  frequency.  The  antenna  aperture  size,  which  normally  determines  the 
largest  equipment  dimension,  Is  Inversely  proportional  to  the  carrier  frequency  for  a specified  signal 
beamwldth.  For  example,  a C-band  aperture  is  about  three  times  larger  than  a Ku-band  aperture  for  equi- 
valent Signal  beamwldth.  However,  the  weight  of  the  equipment  may  Increase  with  carrier  frequency,  since 
lightweight,  solid-state  RF  power  sources  are  more  readily  available  at  the  lower  frequencies,  and  these 
solid-state  sources  require  less  primary  power  and  thus  a lighter  power  supply. 

7.2  SIGNAL  FORMAT  CONSIDERATIONS 

Establishing  a signal  format  that  is  capable  of  meeting  the  operational  requirements  of  the  MLS  is  a pre- 
requisite to  hardware  design,  as  Illustrated  by  Figure  7.2.  The  signals  In  space  gene.'ated  by  the  MLS 
represent  the  signal  format,  and  contain  spatial,  temporal,  and  spectral  Ingredients. 

7.2.1  SPATIAL  INGREDIENTS.  Spatial  features  that  must  be  considered  In  the  design  of  an  MLS  consist  of: 
(a)  coverage  and  guidance  regions,  with  the  coverage  region  being  the  spatial  domain  In  which  the  MLS 
signal  provides  the  necessary  Information  for  steering  the  aircraft  Into  the  guidance  region,  and  the 
guidance  region  being  the  spatial  domain  in  which  the  MLS  signal  provides  the  necessary  steering  informa- 
tion to  maintain  an  on-course  flight  trajectory;  (b)  beam  patterns,  which  define  the  shape  and  dimensions 
of  the  radiation  envelopes  emitted  by  the  transmitters;  (c)  polarization,  which  defines  the  orientation 

of  the  electric  vector  of  the  radiation;  and  (d)  siting  constraints,  which  provide  guidelines  for  locating 
the  ground  transmitters.  Including  (1)  the  availability  of  real  estate,  (2)  the  location  of  objects  that 
may  shadow,  reflect,  or  reradlate  the  signals,  (3)  near-fleld  radiation  regions  In  the  vicinity  of  the 
ground  transmitters.  In  which  the  signal  Is  poorly  defined,  and  (4)  special  siting  constraints  unique  to 
the  selected  technique.  An  example  of  the  latter  Is  that  the  elevation  scanning  beam  fir  the  flare 
maneuver  must  be  small  enough  to  fit  entirely  between  the  receiver  antenna  on  the  aircraft  and  Its  ground 
Image  at  touchdown,  since  this  requirement  controls  the  maximum  distance  that  the  transmitter  can  be 
located  from  the  touchdown  point. 

7.2.2  TEMPORAL  INGREDIENTS.  The  temporal  Ingredients  are  the  time-dependent  features  of  the  signal 
format.  These  Include:  (a)  duty  cycle,  which  Is  that  percent  of  the  time  during  which  a particular  signal 
is  available  at  the  aircraft  receiver  for  processing;  (b)  data  rate,  which  is  the  number  of  times  per 
second  that  a particular  signal  Is  available  at  the  aircraft  receiver  for  processing  (It  Is  necessary  to 
distinguish  data  rate  from  data  update  rate,  the  latter  being  the  number  of  times  per  second  that  an  ef- 
fectively processed  signal  is  available  for  display  or  autopilot  ,-ontrol);  (c)  timing  cycle,  which  is  the 
temporal  description  of  one  complete  sequence  of  signal  events;  and  (d)  temporal  features  that  are  unique 
to  a particular  technique,  such  as  the  dwell  time  of  a scanning  fan-beam  signal,  which  Is  the  time  Interval 
during  which  the  particular  scanning  beam  illuminates  the  aircraft  antenna. 
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7.2.3  SPECTRAL  INGREDIENTS.  The  spectral  ingredients  are  these  features  that  define  the  characteristics 
of  the  transmitted  signals.  These  Include:  (a)  channelization,  which  refers  to  the  specific  regions 
within  the  electromagnetic  spectrum  that  will  be  occupied  by  the  MLS  signals;  (b)  data  code,  which  refers 
to  the  modulations  that  define  the  spatial  orientation  of  the  signals  and  Identify  the  MLS  facility  and 
its  conditions;  and  (c)  spectral  contaminants,  such  as  noise,  electronic  countermeasure  (ECM)  inter- 
ference, and  other  factors  that  degrade  the  quality  of  the  MLS  signals. 

7.3  AIR-DERIVED  ANGLE  DATA 

Many  of  the  numerous  techniques  that  can  be  employed  for  landing  guidance  systems  at  nonmicrowave  fre- 
quencies also  can  be  applied  to  microwave  frequencies.  The  technical  feasibility  of  three  of  these  tech- 
niques for  air-derived  angle  data  systems  have  been  demonstrated  by  experimental  and  operational  hardware, 
l.e.,  fixed  beam,  scanning  beam,  and  Doppler  systems.  The  salient  features  associated  with  each  of  these 
systems  Including  the  design  parameters  that  must  be  considered  are  discussed  In  this  section. 

7.3.1  CHARACTERISTICS  OF  FIXED  FAN-BEAM  MLS.  Fixed  fan  beams  for  alr-derlved  data  microwave  landing  sys- 
tems are  similar  In  concept  to  the  VHF/UHF  ILS  described  in  Section  4.  This  technique  provides  only  one 
fixed  localizer  course  and  one  fixed  glide-slope  angle  for  the  low-approach  phase  of  the  landing,  and 
normally  does  not  provide  sufficient  Information  content  for  flare  and  touchdown.  While  having  the 
limitations  previously  discussed,  the  fixed  fan-beam  system  possesses  several  advantages  compared  to  the 
more  sophisticated  systems,  as  discussed  in  the  following  paragraphs. 

7. 3. 1.1  Compatibility  With  Conventional  ILS.  Fixed  fan-beam  systems  have  been  developed  that  make  use  of 
ILS  modulation  fiequencles  and  .leed  only  an  antenna  and  converter  to  receive  signals  for  processing 
through  existing  ILS  airborne  equipment  already  Installed.  This  feature  Is  economically  attractive,  but 
technically  limited.  Several  such  systems  are  described  in  paragraph  5.3.  Operationally,  the  Instrument 
approach  procedures  for  fixed  fan-beam  equipment  are  similar  to  those  now  used  with  the  standard  ICAO  ILS 
and  thus  require  little  pilot  familiarization.  However,  the  universal  MLS  will  also  have  many  compatible 
features. 

7. 3. 1.2  Compatibility  With  Univt rsal  MLS.  The  avionics  required  to  process  the  modulations  of  a fixed 
fan-beam  system  are  capable  of  being  designed  also  to  process  any  future  universal  MLS  signals,  provided 
the  universal  MLS  technique  is  known  in  advance.  The  feasibility  of  such  an  Interim  scheme  thus  depends 
on  the  final  selection  of  MLS  technique  and  also  on  whether  the  complications  of  processing  are  worth  the 
effort . 

7. 3. 1.3  Equipment  Cost.  The  equipment  cost  of  the  fixed  fan-beam  systems  for  both  ground  station  and 
airborne  station  is  generally  considered  much  less  than  for  the  other  microwave  landing  systems  described 
in  this  section.  This  is  because  the  ground  station  requires  neither  motors  to  rotate  ..etennas  nor 
sophisticated  phase  arrays  and  angle  code  generators.  Also,  the  airborne  station  is  simpler,  since  it 
only  requires  circuitry  to  measure  the  relative  amplitudes  of  the  overlapping  beams  and  does  not  require 
devices  such  as  tracking  gates. 

7. 3. 1.4  Reliability.  The  simplicity  and  adyanced  development  and  operational  experience  of  fixed  fan- 
beam  systems  guarantee  their  present  advantage  In  reliability.  However,  the  question  of  reliability  is 
one  which  must  be  answered  in  terms  of  state-of-the-art  of  the  techniques  selected.  For  example,  a 
phased  array  with  its  large  number  of  components  may  now  be  less  reliable  than  a fixed  fan  beam  or  a 
mechanically  scanned  beam,  but  improved  component  designs  may  drastically  change  this  in  the  future. 

7. 3. 1.5  Duty  Cycle.  The  fixed  fan-beam  systems  have  a duty  cycle  potential  of  up  to  50  percent  for  the 
localizer  (azimuth)  information  and  50  percent  for  the  glide-slope  (elevation)  information.  In  contrast, 
the  duty  cycle  for  a scanning  fan  beam  is  well  below  10  percent,  since  the  aircraft  Is  Illuminated  by  the 
beam  during  only  a small  segment  of  the  scan.  The  effective  duty  cycle  for  the  Doppler  systems  Is  com- 
parable to  that  for  the  fixed  fan  beam. 

7. 3. 1.6  Data  Rates.  The  fixed  fan-beam  data  rate  is  limited  only  by  the  beam  modulation  frequencies  used 
and  by  the  amount  of  smoothing  required,  whereas  the  scanning  fan-beam  data  and  data  renewal  rates  are 
related  to  the  more  limited  number  of  times  per  second  that  the  beam  Illuminates  the  aircraft  receiver 
antenna. 

7. 3. 1.7  Data  Link  Capacity.  In  addition  to  angle  guidance  and  possible  DME  information,  provision  must 
be  made  for  adequate  data  link  capacity.  Including  such  Items  as  runway  identification  and  weather  condi- 
tions on  the  landing  runway.  These  requirements  are  all  compatible  with  fixed  fan-beam  systems. 

7.3.2  FIXED  FAN-BEAM  DESIGN  PARAMETERS.  There  are  several  design  parameters  that  must  be  considered  in 
the  design  of  even  the  simplest  MLS,  including  fixed  fan-beam  systems.  These  must  be  examined  In  a 
quantitative  manner  and  values  assigned  to  each. 

7. 3. 2.1  Carrier  Frequency.  Practical  considerations.  In  particular  the  available  allocated  frequerdes, 
constrain  the  selection  of  carrier  frequency  to  either  C-,  Ku-,  or  Ka-bands.  The  criteria  for  the  selection 
among  these  frequencies  Is  discussed  in  paragraph  7.1. 

7. 3. 2. 2 Channeling.  It  is  likely  that  the  MLS  will  not  be  operating  in  a space  diversity  environment, 
particularly  in  tactical  situations  and  at  hlgh-denslty  airports  with  adjacent  runways.  Thus  signals  from 
more  than  one  MLS  ground  facility  can  illuminate  the  aircraft,  and  it  is  desirable  to  separate  the  signals 
on  a frequency  diversity  basis.  The  frequencies  of  the  channels  used  should  be  spaced  closely  enough  to 
avoid  the  waste  of  spectrum,  but  separated  enough  to  avoid  cross  talk  between  channels. 

7. 3. 2. 3 Radiated  Power.  In  determining  the  values  for  the  radiated  power  design  parameter,  both  peak 
power  and  average  power  must  be  considered,  since  these  are  related  to  the  portion  of  the  total  time  that 
useful  guidance  signals  are  transmitted.  The  radiated  power  requirement  also  is  functionally  related  to 
the  operational  requirements  of  the  system:  higher  power  is  required  for  greater  coverage,  higher  data 
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races,  or  higher  signal-to-nolse  ratios.  The  radlaci-d  power  requirement  has  a significant  Impact  on  the 
hardware  design.  For  Instance,  when  radiated  power  greater  than  a few  watts  Is  needed,  vacuum  tube 
technology  Is  currently  required  for  Implementation.  Only  when  less  power  Is  required  can  the  more  ef- 
ficient solid-state  RF  power  sources  be  considered. 


7. 3. 2. 4 Coverage  Region.  The  coverage  region  Is  that  volume  of  space  In  which  an  MLS  signal  provides 
sufficient  Information  content  to  direct  an  aircraft  therein  towards  the  guidance  region.  The  most 
critical  coverage  region  probably  is  that  volume  of  space  below  the  selected  flight  path.  In  which  the 
processed  MLS  signal  generates  a steering  signal  that  directs  the  aircraft  to  "fly  up." 

7. 3. 2. 5 Guidance  Region.  The  guidance  region  should  be  large  enough  to  allow  all  of  the  normal  maneu- 
vering required  by  an  aircraft  during  approach  and  landing.  It  should  be  small  enough  on  the  selected 
flight  path  such  that  the  scale  of  Indications  will  permit  the  most  precise  determination  of  deviation 
from  course  centerline. 

7. 3. 2. 6 Split-Site  and  Collocated  Operation.  Optimum  siting  of  a landing  system  from  an  operational 
point  of  view  normally  requires  a split-site  configuration,  with  the  azimuth  transmitter  located  on  the 
runway  centerline  extension  beyond  the  stop  end  of  the  runway  and  the  elevation  transmitter  located 
adjacent  to  the  runway  at  the  glide-slope  Intercept  point  (GRIP),  However,  substantial  economies  result 
from  collocating  azimuth  and  elevation  antennas  at  a single  site,  usually  opposite  the  GPIP.  Although  col- 
location limits  the  system  from  being  used  at  the  lowest  minimum  condition,  it  is  desirable  at  low- 
activity  airports  and  consideration  should  be  given  to  Include  collocation  capability  In  the  design  of  a 
system. 

7.3.2. 7 Synchronization.  The  signals  from  the  azimuth  and  elevation  transmitters  must  be  separated  at 
the  receiver,  either  by  space,  frequency,  or  time.  Space  diversity  cannot  be  achieved  because  both 
vertical  and  lateral  guidance  signals  must  be  received  at  all  points  along  the  flight  path.  Frequency 
diversity  is  achievable,  but  Is  considered  somewhat  wasteful  of  frequency  spectrum  and  also  requires 
multifrequency  processing  capabilities  by  the  aircraft  receiver.  Time  diversity,  or  synchronization,  ap- 
pears to  be  the  most  useful  technique  to  separate  the  azimuth  and  elevation  course  signals.  This  syn- 
chronization Is  simple  to  achieve  In  the  collocated  facility.  However,  for  the  split-site  configuration 
It  Is  necessary  to  establish  a communication  link  between  the  two  sites  for  transmission  of  the  sync 
signal.  This  cooxnunlcatlon  link  probably  should  be  a la-idllne,  since  at  these  line-of-sight  frequencies  a 
radio  link  could  be  Interrupted  by  taxiing  aircraft,  land  vehicles,  or  people. 

7. 3. 2. 8 Angle  Modulations.  The  most  convenient  technique  to  Identify  the  four  beams  radiated  by  the 
fixed  fan-beam  MLS,  l.e.,  "fly-up",  "fly-down",  "fly-left",  and  "fly-right",  is  providing  a unique  modula- 
tion on  each  of  these  beams.  These  angle  modulations  can  be:  (a)  audio  tones,  such  as  those  used  with  the 
conventional  ICAO  ILS,  (b)  pulse  spacing,  as  used  by  currently  operational  mechanical  scanning  beam  sys- 
tems, (c)  FM  tones,  as  used  by  scanning  beam  systems  now  under  development,  or  (d)  pulse  repetition  rates, 
such  as  those  used  by  currently  operational  fixed-beam  systems. 

7. 3. 2. 9 Auxiliary  Modulations.  Auxiliary  modulations  (AUX  data)  are  those  that  convey  Information  other 
than  angle  Information  to  the  aircraft.  These  include  beam  Identity,  station  Identity,  and  weather  condi- 
tions at  the  landing  site.  Except  for  beam  identity,  these  modulations  are  characterized  by  low  data  rate 
requirements,  since  It  Is  normally  necessary  to  transmit  this  information  only  once  every  several  seconds. 
Accordingly,  the  modulation  can  be  superimposed  on  the  angle  modulation  In  the  form  of  a Morse  code  or 
any  convenient  coding  arrangement. 

7.3.2.10  Beam  Shapes  and  Orientation.  An  early  decision  In  the  design  of  a MLS,  normally  based  on  opera- 
tional considerations.  Is  whether  the  fan  beams  should  have  a planar  or  conical  configuration.  The  planar 
configuration  normally  Is  preferred  for  the  azimuth  course  beam,  particularly  at  high  azimuth  angles,  but 
not  always  for  the  elevation  beam.  The  conical  elevation  beam  has  an  advantage  In  a tactical  environment 
for  low-performance  aircraft  or  helicopters  that  may  arrive  at  the  landing  facility  from  any  direction, 
since  the  elevation  angle  Is  independent  of  azimuth  angle.  The  planar  elevation  beam  has  a particular 
advantage  for  conventional  high-performance  aircraft  landing  under  CAT  II  or  CAT  III  conditions,  since  a 
conical  beam  becomes  noticeably  hyperbolic  at  a 50-foot  minimum  guidance  altitude  when  transmitted  from  a 
site  offset  from  the  runwa''  centerline.  However,  an  airborne  computer  with  range  Input  can  perform  the 
necessary  coordinate  convi  cslon.  In  addition  to  the  planar  vs.  conical  considerations,  the  fan  beams  must 
be  shaped  to  provide  proper  Information  In  the  operationally  required  coverage  and  guidance  region. 

In  order  to  avoid  significant  reflections  of  side-lobe  energy  into  the  main  lobe.  It  Is  desired  to  keep 
the  side  lobes  of  the  radiation  pattern  at  the  minimum  feasible  leve’.  Normal  practice  In  landing  system 
antenna  design  Is  to  keep  side  lobes  at  least  20  dB  below  the  main  beam. 

Radiation  reflected  by  the  ground  plane  tends  to  contaminate  both  the  azimuth  course  and  the  elevation 
guidance  signals,  and  every  effort  should  be  made  to  reduce  this  multipath  radiation.  This  normally  Is 
accomplished  by  shaping  the  beam  such  that  there  Is  a sharp  power  cut  off  at  lower  elevation  angles,  l.e., 
at  those  angles  below  the  useable  portion  of  the  elevation  signal. 
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7.3.2.11  Polarization.  The  polarization  of  the  radiation  must  be  considered  in  the  design  of  any  type 
of  MLS.  This  is  necessary  to  assure  compatibility  between  the  transmitter  antenna  and  the  receiver  an- 
tenna, since  horizontally  polarized  radiation  will  be  severely  attenuated  by  an  airborne  antenna  designed 
to  receive  vertical  polarization,  and  vice-versa.  A design  factor  that  should  be  considered  In  overall 
system  performance  Is  that  when  an  aircraft  banks,  the  antenna  also  banks,  and  the  energy  received  by  the 
aircraft  antenna  will  be  proportional  to  the  cosine  of  the  bank  angle.  Circular  polarization  could  be 
generated  for  the  transmitted  radiation  and  accepted  by  both  vertically  and  horizontally  polarized  aircraft 
antennas,  but  the  signal  would  be  at  least  3 dB  below  that  of  matched  polarization  antennas.  Circular 
polarization  has  an  advantage  when  applied  to  radar  landing  systems,  such  as  the  CCA,  since  backscatter 
from  precipitation  Is  considerably  reduced.  This  Is  because  the  direction  of  the  circular  polarization 
reverses  when  the  radiation  Is  reflected  from  a circular  object,  as  approximated  by  a raindrop  in 
cross  section. 


Another  factor  that  should  be  considered  in  tlie  selection  of  the  polarization  of  the  MLS  radiation  Is  the 
ougnitude  of  reflections  from  dielectric  surfaces  such  as  the  ground.  Vertically  polarized  radiation  is 
subject  to  mi^re  attenuation  upon  reflection  from  the  ground  than  is  horizontally  polarized  radiation, 
particularly  in  the  vicinity  of  the  Brewster  angle.  However,  it  does  not  necessarily  follow  that  hori- 
zontally polarized  radiation  is  attenuated  more  than  vertically  polarized  radiation  upon  lateral  reflec- 
tion from  objects  such  as  aircraft  and  hangars,  since  the  polarization  attenuation  advantage  applies  only 
to  reflections  from  dielectric  material  «and  not  normally  to  specular  reflections  from  metal  objects.  The 
general  view  at  present  is  that  the  MLS  signal  should  he  vertically  polarized. 

7.3.2.12  Data  Rate.  Data  rate  requireoK'nts  are  determined  by  the  ability  of  aircraft  to  respond  quickly 
to  deviation  signals,  and  this  varies  widely  between  classes  of  aircraft.  The  most  critical  requirement 
is  generally  considered  to  be  tlie  flare  maneuver,  in  which  rapid  changes  in  pitch  attitude  is  required  to 
follow  the  precise  curved  path  to  touchdown.  The  proposed  data  rate  for  flare  has  been  increased  from  10 
Hz  to  the  neighborhood  of  40  Hz  in  order  to  furtlier  alleviate  multipath  effects. 

7.3.2.13  Focusing.  Focusing  is  the  technique  for  achieving  a far-field  radiation  pattern  throughout  the 
region  in  which  the  signal  is  Intended  to  convey  useful  information.  Any  equipment  that  monitors  the 
transmitted  signal  also  should  be  in  the  far-field  radiation  region.  Transmitting  antennas  normally  focus 
the  radiation  at  infinity,  and  the  depth  of  the  far  field  for  this  focusing  extends  from  a distance  of 
about  D^/1  to  infinity  where  D is  the  aperture  dimension  and  X is  the  wavelength  of  the  radiation.  In  the 
event  that  it  appears  that  focusing  is  necessary,  the  focal  distance  must  be  carefully  selected.  Focusing 
at  very  short  distances  to  bring  the  far-field  region  closer  to  the  transmitter  brings  the  outer  limits  of 
the  far  field  to  a finite  distance  much  too  close  to  the  transmitting  antenna. 

7.3.2.14  Primary  Power.  The  selection  of  a primary  power  source  for  an  MLS  is  determined  by  both  the 
power  requirements  of  the  ground  stations  and  the  available  facilities  at  the  landing  site.  System  design 
of  tactical  systems  should  allow  for  normal  variation  of  voltage  and  frequency  encountered  in  field 
generators. 

7.3.2.15  Size  and  Weight.  The  dimensions  of  landing  system  equipment  normally  are  determined  by  the  re- 
quired antenna  aperture  dimensions  to  obtain  the  necessary  beam  widths.  The  permissible  size  of  the 
equipment  is  constrained  by  regulations  tliat  prohibit  the  installation  of  large  structures  in  the  im- 
mediate vicinity  of  runways.  The  weight  of  the  ground-station  equipment  Is  not  a significant  factor 
except  when  it  is  necessary  to  transport  the  equipment  frequently,  such  as  may  occur  in  a tactical 

envl ronoent . 

7.3.3  CHARACTERISTICS  OF  SCA:JN1N(;  BEAM  MLS.  Scanning  beam  MI.S  are  similar  to  fixed  fan-beam  MLS  except 
for  beam  motion.  This  motion  provides  considerable  operational  advantages,  but  also  adds  a commensurate 
degree  of  complexity  to  the  system.  Accordingly,  it  must  be  determined  whether  the  operational  advantages 
Justify  *:he  incremental  complexity.  These  factors  are  discussed  in  the  following  paragraphs  along  with  a 
description  of  tne  additional  design  parameters  associated  with  scanning  beams. 

7. 3. 3.1  Operational  Advantages.  An  operational  advantage  of  a scanning  beam  MLS  is  that  the  guidance 
region  can  be  selected  at  the  airborne  equipment  almost  anywhere  within  the  coverage  volume.  An  as- 

' ociated  advantage  is  that  the  scanning  beam  information  can  be  readily  combined  with  DME  information  to 
provide  guidance  for  curved  and  segmented  approaches  to  the  landing  facility. 

7. 3.3.2  Incremental  Complexity.  The  complexity  of  the  scanning  beam  MLS  is  associated  with  technology 
for:  (a)  generating  the  beam  motion,  (b)  modulating  the  beams  as  a function  of  pointing  angle  for  angle 
signature  systems,  and  (c)  where  applicable,  synchronizing  the  azimuth  and  elevation  course  signals.  The 
simplest  mechanization  for  beam  motion  is  rotation  of  the  antennas.  This  technique  normally  produces 
planar  fan  beams.  The  beam  motion  also  can  be  achieved  by  electronic  scan  techniques  via  frequency  or 
phase.  The  frequency  scan  can  be  obtained  by  applying  a varying  carrier  frequency  to  a slotted  wave  guide. 
Since  the  squint  angle  of  the  radiation  emanating  from  the  slots  is  a function  of  frequency,  a conical 
beam  pattern  is  generated  from  a linear  slot  array.  This  technique  is  somewhat  wasteful  of  frequency 
spectrum,  but  the  beam  scanning  motion  is  as  smooth  and  continuous  as  it  is  with  the  mechanical  scan  sys- 
tem. Beam  motion  also  can  be  achieved  by  changing  the  RF  phase  relationships  among  several  point  sources 
of  radiation  within  the  antenna.  The  beam  is  generated  by  the  vector  addition  of  the  radiation  from  these 
point  sources.  Normally,  this  is  accomplished  with  diode  phase  shifters,  resulting  in  a quantized  rather 
than  a continuous  motion,  which  is  tolerable  providing  the  magnitude  of  the  steps  arc  tiny,  such  as  only  a 
small  fraction  of  the  beamwidth. 

Some  form  of  modulation  is  necessary  to  identify  the  beam  pointing  angle  when  it  illuminates  the  aircraft. 

A simple  modulation  technique  is  to  Illuminate  the  entire  coverage  volume  from  a separate  antenna  with  a 
timing  pulse  prior  to  the  initiation  of  the  scan.  The  bean,  pointing  angle  then  is  related  to  the  time 
difference  between  aircraft  illumination  by  the  reference  pulse  and  the  scanning  beam.  Another  method  is 
to  modulate  the  scanning  beam  with  a signal  that  varies  as  a function  of  beam  pointing  angle.  This  re- 
moves the  requirement  for  providing  a reference  signal  from  a separate  antenna,  since  the  angle  signature 
is  impressed  as  modulation  on  the  scanning  fan  beam.  These  and  other  necessary  complexities  of  the  scan- 
ning fan  beam  MLS  are  evident  in  the  subsequent  discussion  of  its  design  parameters. 

7.3.4  SCANNING  BEAM  DESIGN  PARAMETERS.  All  of  the  previously  discussed  design  parameters  associated 
with  fixed  fan-beam  MlS  also  are  relevant  to  the  scanning  beam  MLS.  These  parameters  as  applied  to  the 
scanning  beams  are  discissed  along  with  those  that  apply  uniquely  to  the  scanning  beam  system. 

7. 3.4.1  Channelization.  The  larger  guidLnee  and  coverage  volumes  associated  with  a scanning  beam  system 
result  in  a higher  probability  that  signals  from  one  scanning  beam  system  will  intrude  on  the  spatial 
coverage  volume  for  signals  of  a similar  nearby  facility.  This  imposes  a more  severe  channelization  re- 
quirement for  scanning  beam  systems  than  fixed  fan-beam  systems,  althougn  the  bandwidth  for  a time  refer- 
ence system  (TRS)  is  considerably  less  than  for  the  frequency  reference  system  (FRS)  and  still  somewhat 
less  than  the  bandwidth  required  for  the  proposed  Doppler  format. 
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7. 3. 4. 2 Radiated  Power.  Several  factors  must  oe  considered  In  comparing  the  radiated  power  requirements 
for  fixed  fan  beam  vs.  scanning  beam.  These  factors  all  relate  to  the  slgnal-to-nolse  ratios  required  by 
the  data  processor,  and  the  tlme-per-bandwldth  factors  associated  with  the  radiated  signal.  The  guidance 
Information  for  a fixed  fan-beam  system  Is  not  extracted  from  the  maximum  power  points  of  the  beams,  but 
rather  from  the  cross-over  region,  which  may  be  several  decibels  down  from  the  peak.  However,  Information 
contained  at  the  peak  of  the  lobe  Is  useable  for  extracting  angle  Information  with  the  scanning  beam 
systems.  The  scanning  beam  systems  normally  have  a larger  requirement  for  radiated  power  In  acquisition 
than  for  tracking,  because  the  tlme-per-bandwldth  product  Is  large  when  the  airborne  station  Is  operating 
In  the  acquisition  mode.  But  when  operating  In  the  tracking  mode,  the  aircraft  receiver  Is  capable  of 
excluding  all  noise  that  Is  not  within  the  dwell  time  of  the  received  signal.  Another  parameter  related 
to  the  required  power  In  angle  signature  systems  Is  the  frequency  of  the  modulation  that  determines  beam 
pointing  angle.  This  frequency  should  be  set  at  the  minimum  useful  value  In  order  to  reduce  the  bandwidth 
of  the  signal.  The  foregoing  factors  suggest  that  the  scanning  beam  system  will  require  greater  power 
than  a fixed  fan-beam  system. 

7. 3.4. 3 Coverage  Region.  There  are  no  theoretical  limitations  to  the  angular  coverage  of  a scanning  fan 
beam  system  using  mechanical  scan  techniques.  The  coverage  for  electronic  scan  system  is  limited  by  the 
beam  broadening  characteristics  of  the  hlgh-angle  radiation  generated  by  th>  electronically  scanned  arrays. 

7. 3.4.4  Guidance  Region.  A well-designed  scanning  beam  system  provides  a guidance  region  that  Is  only 
about  one  beamwldth  less  than  the  coverage  volume  of  the  system.  This  region  can  extend  downward  to  an 
angle  that  is  approximately  a half  beamwldth  above  the  ground  plane. 

7. 3.4.5  Angle  Modulations.  In  order  to  extract  Information  from  the  scanning  beam.  It  Is  necessary  to 
know  Its  pointing  angle  at  the  time  the  beam  Illuminates  the  aircraft.  One  method  by  which  this  Is 
achieved  is  the  Time  Reference  System  (TRS) , as  represented  by  U.S.  and  Australian  candidate  systems  de- 
scribed In  Section  8.  Another  method  Is  to  impress  a modulation  on  the  beam  that  varies  as  a function  of 
the  pointing  angle.  The  modulation  can  be  of  any  convenient  form,  including  pulse,  AM,  FM,  or  PM.  Con- 
straints Imposed  on  angle  modulation  selection  are  that  It  should  not  waste  the  frequency  spectrum,  and 
that  the  modulation  should  be  capable  of  being  processed  by  the  airborne  station  to  meet  the  required  beam 
pointing  angle  accuracy.  Pulse  modulation  probably  Is  more  wasteful  of  the  frequency  spectrum.  The  pulses 
must  be  sufficiently  short  such  that  several  pulses  can  be  transmitted  during  the  time  that  the  scanning 
beam  Illuminates  the  aircraft.  The  bandwidth  occupied  by  a pulse  is  related  to  the  reciprocal  of  the  width 
of  the  pulse.  The  frequency  of  the  beam  pointing  angle  modulation  must  be  high  enough  such  that  several 
cycles  occur  while  the  beam  Is  Illuminating  the  aircraft,  in  order  to  assure  effective  processing  by  the 
airborne  station.  Also,  the  variation  of  modulating  frequency  with  beam  pointing  angle  must  be  high  enough 
such  that  the  airborne  processor  can  measure  this  angle  within  the  required  system  accuracy.  These  factors 
limit  the  data  rate  for  systems  In  which  angle  signature  Is  provided  by  modulation,  yet  high  data  rates  are 
desirable,  particularly  for  averaging  multipath  effects, 

7. 3. 4. 6 Auxiliary  Modulations.  In  the  fixed  fan-beam  systems  the  same  modulations  are  used  for  both  beam 
identity  and  guidance  Information.  This  same  feature  could  be  achieved  with  scanning  beam  systems,  provided 
the  modulating  frequency  spectrums  were  different  for  each  scanning  beam.  However,  this  frequency  divers- 
ity could  result  In  inefficient,  wasteful  use  of  the  frequency  spectrum.  Accordingly,  it  may  be  desirable 
to  use  the  same  segment  of  the  spectrum  for  all  the  scanning  beams  at  a particular  facility,  and  use  an 
independent  modulation  to  identify  each  beam.  This  Identity  modulation  could  be  superimposed  on  the  beam 
pointing  angle  modulation,  provided  care  Is  taken  to  avoid  adverse  effects  of  modulation  cross  products. 

The  arrangement  for  Identifying  the  particular  beam  when  It  Illuminates  the  aircraft  would  be  a sufficient 
Identification  technique,  except  for  the  AGO  requirements  of  the  airborne  receiver  Imposed  by  the  large, 
dynamic  range  of  signal  strengths  from  successive  beams.  For  example,  between  decision  height  and  touch- 
down the  aircraft  Is  much  closer  to  the  elevation  transmitter  than  it  Is  to  the  azimuth  transmitter;  thus 

It  Is  necessary  to  reduce  the  receiver  gain  when  the  aircraft  Is  Illuminated  by  the  elevation  beam.  This 
can  be  accomplished  by  transmitting  a signal,  prior  to  transmitting  the  elevation  scanning  beam,  with  mod- 
ulation conveying  Information  to  the  aircraft  receiver  that  the  next  beam  It  perceives  will  be  the  eleva- 
tion beam.  This  will  enable  the  receiver  to  set  the  AGO  to  accommodate  the  signal  strength  of  that  beam. 
Other  auxiliary  modulations,  such  as  station  Identity  and  weather  conditions,  can  be  provided  in  the  man- 
ner similar  to  that  provided  by  the  fixed  fan-beam  systems. 

7. 3. 4. 7 Beam  Shapes.  The  planar  vs.  conical  considerations  are  substantially  similar  for  both  fixed-fan 
beams  and  scanning  beams.  Beyond  that,  there  are  no  basic  similarities  in  beam  shapes.  While  a fixed 
fan-beam  system  normally  provides  two  fixed  beams  for  each  function,  a scanning  beam  system's  cycle  of  a 
single  scan  beam  can  be  provided  by  mechanical  rotation  of  the  transmitting  antennas.  Beam  shapes  inde- 
pendent of  pointing  angles  are  obtained  by  this  technique.  The  shape  of  a beam  generated  by  electronic 
scan  techniques  normally  Is  a function  of  beam  pointing  angle. 

7. 3. 4. 8 Duty  Cycle  and  Data  Rate.  The  duty  cycle  and  data  rate  available  to  scanning  beam  systems  are 
considerably  less  than  those  available  to  fixed  fan-beam  systems.  The  fixed  fan  beams  continuously  Illum- 
inate the  aircraft,  while  the  scanning  fan  beams  Illuminate  the  aircraft  only  during  a brief  segment  of 
each  scan.  The  data  rates  of  scanning  fan  beams  generated  by  rotating  antennas  normally  are  limited  by  the 
mechanical  forces  associated  with  higher  rotation  rates.  While  there  is  no  theoretical  limit  to  the  gen- 
eration of  data  rate  for  electronic  scanning  beams,  the  rate  nevertheless  is  limited  by  the  dwell  time 
requirements  for  the  airborne  processor. 

7. 3. 4. 9 Size  and  Weight.  The  size  and  weight  considerations  normally  are  similar  for  fixed  fan-beam  and 
scanning  beam  systems.  There  are  situations,  however,  where  the  scanning  beam  system  will  require  consid- 
erably larger  apertures  than  the  fixed  fan-beam  system.  For  example.  If  It  Is  considered  desirable  to  gen- 
erate planar  beams  by  electronic  scan  techniques,  the  necessary  circular  array  will  have  a much  greater 
aperture  dimension  than  an  equivalent  linear  array  for  generating  conical  beam  shapes. 

7.3.4.10  Dwell  Time.  The  dwell  time  Is  that  period  of  time  during  each  scan  In  which  the  scanning  fan 
beam  Illuminates  the  aircraft.  It  Is  necessary  that  the  dwell  time  be  of  sufficient  duration  for  the  air- 
borne processor  to  extract  beam  pointing  angle  Information.  Dwell  times  of  between  1 and  3 milliseconds 
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normally  are  considered  necessary  to  extract  this  information  when  the  annle  Is  defined  by  the  modulation 
on  the  beam.  Wlille  It  is  desirable  to  maximize  dwell  time,  this  can  only  be  accomplished  by  adversely 
affecting  other  important  system  parameters.  It  can  be  Increased  by  enlarging  the  beamwldth,  but  this 
would  result  In  more  severe  mnltlpatli  prohlems.  It  can  also  be  Increased  by  decreasing  the  angular  velo- 
city in  the  scanning  beam,  but  this  would  result  in  a lower  data  rate  for  tlie  system.  Thus,  the  system 
parameters  of  dwell  time,  scanning  velocity,  and  beam  width  are  Interrelated  and  the  effect  of  each  must 
be  examined  In  relation  to  the  others.  The  U.S.  and  Australian  TRS  candidate  systems  can  function  with  a 
small  dwell  time,  tlius  permitting  higher  scan  velocities  and  data  rates,  because  the  pointing  angle  Is 
indicated  by  the  measured  time  between  successive  "to-fro"  scans,  there  being  no  modulation  to  define  the 
pointing  angle. 

7.3.4.11  Scanning  Motion.  The  preferred  scanning  motion  of  the  beam  Is  a continuous  angular  velocity 
throughout  the  scan  region.  This  Is  most  easily  accomplished  with  a mechanical  scan  system.  Electronic 
scan  systems  require  moving  the  beam  In  steps  rather  tlian  In  i continuous  motion.  Wlille  additional  switch 
Ing  circuitry  is  required  to  decrease  the  step  size.  It  Is  necessary  to  decrease  this  parameter  to  Its 
minimum  feasible  value,  since  large  quantized  motion  has  an  adverse  effect  on  system  accuracy. 

7.3.5  CHARACTERISTICS  OF  UOPl’I.KR  SCA.N  SYSTEMS.  The  Doppler  MES  provides  signals  throughout  the  coverage 
volume  that  provide  self-encoded  angle  infoniiat  Ion.  No  Independent  modulation  is  required  to  Indicate  the 
azimuth  and  elevation  angles  of  the  aircraft  relative  to  the  respective  ground  stations.  This  Is  accomp- 
lished at  the  ground  station  by  transmitting  a reference  signal  and  simultaneously  a signal  that  electronl 
cally  simulates  motion  of  the  ground  antenna  by  commutating,  l.e.,  sequentially  Illuminating,  the  elements 
of  a linear  array.  It  can  be  determined  by  elementary  Doppler  principles  tliat  tlie  carrier  frequency  will 
be  shifted  at  tlie  aircraft  receiver  by  an  amount  equal  to: 

f , * m sin  G 
d 1 


where: 

fj  Is  tlie  Doppler  slilft 

V is  tlie  commutativjii  velocity 

V Is  the  wavelengtii 

G Is  the  angle  of  tlie  aircraft  measured  from  a line  perpendicular  to  the  array. 

In  order  to  avoid  standing  waves  and  facilitate  data  processing  at  tlie  airborne  station,  the  basic  carrier 
frequency  of  the  commutated  signal  Is  offset  from  that  of  tlie  reference  signal  ns  Illustrated  by  Figure 
7.3.  An  Interesting  and  useful  phenomenon  associated  witli  the  Doppler  technique  is  tliat  the  direction  of 
the  commutated  velocity  reverses  when  tlie  signal  Is  reflected.  This  provides  a tool  for  the  rejection  of 
multipath  signal  by  the  use  of  filters. 

7. 3. 5.1  Incremental  Complexity.  The  complexity  of  the  Doppler  MLS  Is  associated  with  the  u echanizatlon 
of  the  commutated  array.  The  essence  of  this  problem  Is  the  design  of  high-speed  switching  hardware, 
which  Is  more  readily  available  at  C-band  than  at  Ku-band.  Thus,  It  Imposes  a penalty  at  present  upon 
extending  this  technique  to  Ku-band. 
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Figure  7.3  Doppler  Channel  Occupancy 
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7.3.6  DOPPLER  SCAN  DESIGN  PARAMETERS.  Design  considerations  of  many  parameters  for  fixed  an-beam  and 
scanning  beam  systems  apply  to  Doppler  scan  systems  and  have  been  covered  In  preceding  paragraphs.  The 
parameter.s  of  Doppler  systems  with  design  characteristics  unique  to  that  system  are  discussed  In  the  fol- 
lowing paragraphs. 

7. 3. 6.1  Radiated  Power.  The  peak  radiated  power  for  the  Doppler  MLS  Is  considerably  less  than  that  for 
the  radiated  scanning  beam  MLS  for  equivalent  performance.  However,  the  average  radiated  powers  for  these 
two  techniques  are  approximately  the  same.  The  accuracy  and  useful  range  are  more  dependent  upon  average 
power  than  on  peak  power,  as  will  become  evident  In  the  subsequent  discussion  of  other  design  parameters, 

7. 3. 6. 2 Beam  Shapes.  The  radiation  from  each  element  of  the  commutative  array  fills  the  entire  coverage 
area  of  that  ground  station.  Wiille  the  spatial  beaniwldth  Is  large.  It  Is  more  useful  In  the  design  of  a 
Doppler  system  to  consider  Its  equivalent  beamwldth  (EBW)  In  the  frequency  domain,  l.e.: 

EBW  X/L  radians 


X “ the  wavelength  of  the  carrier  frequency 
L = the  antenna  aperture  dimension 

The  surfaces  of  position  associated  with  constant  Doppler  shifts  a;e  conical  rather  than  planar,  but  a com- 
puted planar  surface  can  be  established  by  transmitting  a cone  pair  from  orthogonal  arrays. 

The  equivalent  to  side  lobes  in  the  amplitude  domain  for  the  scanning  beam  system  is  "spectrum  side  lobes” 
In  the  Doppler  system.  Commutation  and  switching  frequencies  introduce  these  pseudo-side  lobes,  and  the 
system  should  be  designed  such  that  these  contaminants  do  not  Interfere  with  the  processing  of  the  signal. 

7. 3.6.3  Duty  Cycle  and  Data  Rate.  The  duty  cycle  of  a ground  station  such  as  azimuth  or  elevation  In  the 
Doppler  system  Is  Chat  portion  of  Che  tottl  time  in  which  the  signal  from  that  station  Illuminates  the  air- 
craft. In  a well-designed  Doppler  system,  this  period  of  time  will  be  substantially  the  entire  time  that 
Is  allocated  to  the  particular  ground  station. 

7. 3. 6.4  Focusing.  Focusing,  in  Che  usual  optical  understanding  of  the  term.  Is  not  necessary  In  the  Dop- 
pler system.  The  elements  that  radiate  the  signals  have  a wide  beamwldth,  and  thus  the  far  field  starts 
very  close  to  the  array.  There  is  a focuslng-equlvalent  problem  in  the  Doppler  system  In  that  when  the 
aircraft  Is  close  to  the  commutating  array  the  Doppler  frequency  received  from  one  end  of  the  array  Is 
noticeably  different  from  that  of  the  other  end  of  Che  array. 

7. 3.6.5  Angle  Modulations.  It  Is  not  necessary  to  Impress  modulations  on  the  Doppler  radiation  to  indi- 
cate angles,  since  the  radiation  Is  self-encoded,  a significant  feature  of  the  Doppler  MLS. 

7.4  AIR-DERIVED  RANGE  DATA 

Range  data  normally  Is  acquired  Independently  of  angle  data  In  a MLS.  It  may  be  processed  with  the  angle 
data  to  provide  guidance  signals  for  segmented  or  curved  approaches.  Range  data  also  provides  Information 
for  course  softening  when  the  aircraft  Is  In  the  flare  and  touchdown  zones,  and  particularly  during  roll- 
out. Course  softening  Is  an  operation  that  provides  a guidance  error  signal  proportional  to  the  actual 
distance  that  the  aircraft  Is  off  course,  rather  than  the  angle  (measured  from  the  ground  station)  that  it 
Is  off  course.  There  are  two  basic  methods  for  acquiring  range  data:  interrogation  and  synchronous 

clocks. 

The  Interrogation  method  normally  operates  via  an  Interrogation  signal  transmitted  from  the  aircraft  and 
received  by  a ground  beacon  transponder  that  In  turn  sends  a response  signal  to  the  aircraft.  The  measured 
time  between  the  original  Interrogation  transmission  from  the  aircraft  and  the  reception  by  the  aircraft 
of  the  beacon  response  transmission  Is  related  to  the  distance  between  aircraft  and  beacon  and  enables 
airborne  computation  of  the  distance. 

The  synchronous  clocks  method  requires  that  both  the  airborne  and  ground  stations  have  very  accurate  clocks 
that  are  synchronized  with  each  other.  Signals  Initiated  by  the  ground  station  clock  will  arrive  at  the 
airborne  station  "out-of-sync"  with  the  airborne  clock,  and  the  degree  of  this  difference  Is  a measure  of 
the  distance  between  the  stations.  An  advantage  of  the  synchronous  system  Is  that  the  range  measurement 
equipment  will  not  saturate  In  a hlgh-denslty  aircraft  environment.’ 

The  Interrogation  and  synchronous  systems  could  be  effectively  combined,  with  occasional  Interrogations 
updating  the  airborne  clock.  The  subsequent  description  concerns  the  interrogation  DME.  The  design  of  an 
effective  synctironous  DME  for  operational  use  must  await  further  developments  In  clocks  to  Increase  accu- 
racies commensurate  with  propogatlon  distances  of  a few  feet  and  short-term  stability  (noise)  characteris- 
tics, and  lower  long-term  drift  (bias),  all  at  low  cost,  particularly  for  the  airborne  unit. 

The  conventional  Interrogation  type  of  DME  Is  Illustrated  by  Figure  7.4.  The  ranging  circuit  in  the  air- 
borne station  Initiates  the  transmission  of  an  Interrogation  signal,  which  la  received  by  the  ground  sta- 
tion beacon.  This  received  signal  is  delayed  In  the  ground  beacon  transponder  and  then  retransmitted  to 
the  airborne  station.  The  ranging  circuit  measures  the  time  Interval  between  the  airborne  transmission  and 
the  reception  at  the  airborne  station  of  the  ground  beacon  transmission,  and  uses  this  time  Interval  as  a 
measure  of  the  distance  between  the  two  stations  for  computation  and  display.  One  ground  station  normally 
Is  capable  of  serving  at  least  a hundred  airborne  stations.  This  imposes  a requirement  that  the  airborne 
station  Identify  the  particular  transmission  by  the  ground  station  that  Is  the  reply  to  Its  particular  in- 
terrogation. The  airborne  station  also  must  reject  noise  pulses  transmitted  by  the  ground  station  or  by 
other  facilities  within  the  operating  frequency  of  the  ground  station.  Several  design  parameters  must  be 
considered  to  implement  this  Interrogation  DME  concept,  as  discussed  in  subsequent  paragraphs. 
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Figure  7.4  DME  Block  Diagram 


7.4.1  CARRIER  FREQUENCY.  Host  of  the  currently  installed  DME's  operate  in  L-band  at  frequencies  slightly 
above  1 GHz.  There  are  technical  reasons  why  tlie  DME  designed  for  use  with  MES  may  operate  at  a higher 
frequency  than  L-band.  Shorter  pulse  rise  times  associated  with  greater  system  accuracies  are  available, 
since  there  is  more  spectrum  space  to  accommodate  wider  bandwldths  at  higlier  frequencies. 

7.4.2  CHANNELIZATION.  The  channelization  requirements  are  more  severe  for  the  range  data  than  for  the 
angle  data  subsystem  of  a MLS  because  of  the  broad  spectrum  occupied  by  the  short  DME  pulses.  A challeng- 
ing but  necessary  effort  is  to  design  DME  sucli  that  the  airborne  station  effectively  processes  the  desired 
pulses  from  the  ground  station  being  Interrogated  and  rejects  pulses  transmitted  by  other  nearby  ground 
stations,  yet  with  minimum  channel  separation. 

7.4.3  RADIATED  POWER.  The  peak  carrier  power  supplied  to  the  DME  antenna  normally  is  considerably  larger 
than  the  power  supplied  to  the  azimuth  and  elevation  antennas.  There  are  several  reasons  for  this  greater 
power  requirement.  First,  neither  the  airborne  nor  ground  station  antennas  can  have  highly  directional 
features  because  of  the  considerable  volumetric  coverage  required  for  these  signals.'  The  duty  cycles  of 
the  useful  transmissions  are  also  rather  low,  since  the  pulse  durations  are  quite  short  as  compared  to  the 
time  between  pulses.  Furthermore,  the  receiver  must  have  a rather  wide  bandwidth  so  as  not  to  distort  the 
leading  edge  of  the  pulses,  and  yet  system  noise  is  directly  proportional  to  the  bandwidth.  The  aggregate 
of  these  factors  normally  results  in  a peak-power  requirement  of  several  hundred  watts  for  the  DME,  as 
compared  to  a peak  power  requirement  of  only  a few  watts  for  the  angle  data  subsystem. 

7.4.4  COVERAGE  REGION.  The  DME  ground  station  should  accept  interrogation  signals  from  any  aircraft  lo- 
cated within  the  volumetric  coverage  of  the  associated  angle  guidance  system,  and  the  response  pulse 
transmitted  by  this  DME  ground  station  should  lllumlnatd  all  aircraft  within  this  coverage  region. 

) 7.4.5  GROUND  STATION  COORDINATES.  The  usual  siting  preference  for  the  current  DME  ground  station  is 

collocation  with  the  ILS  localizer  course  transmitter.  This  arrangement  permits  aircraft  to  continue  to 
. receive  range  information  through  rollout,  which  is  considered  essential  for  CAT  III  system  operation,  and 

therefore  collocation  of  DME  with  the  MLS  azimuth  transmitter  is  desired. 

I 7.4.6  SYNCHRONIZATION.  Range  data  normally  is  provided  in  a different  region  of  the  frequency  spectrum 

j than  is  angle  data.  This  frequency  diversity  obviates  time  synchronization  of  range  data  and  angle  data 

I signals. 

j 7.4.7  MODULATIONS.  The  basic  modulations  on  the  DME  carrier  are  short  pulses.  These  pulses  normally  are 

I transmitted  in  pairs,  with  the  Interpair  spacing  constituting  the  measure  of  range.  The  Intrapalr  pulse 

j spacing  can  be  used  to  convey  other  useful  information  such  as  station  Identity.  The  ground  station 

! transmits  pulses  at  random  time  Intervals  when  it  is  not  being  interrogated  by  airborne  stations,  so  that 
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signals  are  continuously  available  at  the  airborne  station  receiver  In  order  that  the  AGC  can  be  auto- 
matically reset  at  the  proper  level  for  receptl.-n  of  the  response  pulses. 

7. A. 8 BEAM  SHAPE.  As  stated,  the  DME  should  provide  a signal  throughout  the  volumetric  coverage  of  the 
MLS.  While  the  coverage  should  be  broad,  there  should  be  a sharp  cutoff  In  radiated  power  near  the  ground 
to  minimize  ground  plane  Illumination.  A considerable  illumination  of  the  ground  plai.e  could  result  in  a 
loss  of  DME  signal  for  an  aircraft  at  a low  altitude  near  the  fringe  of  the  MLS  coverage  region,  because 
in  this  region  a phase  reversal  due  to  ground  reflection  plus  the  high  magnitude  of  the  reflected  signal 
at  these  grazing  angles  could  result  In  a substantial  cancellation  of  the  direct  signal. 

7. A. 9 POLARIZATION.  Vertical  polarization  Is  preferred  for  the  DME  signals  in  order  to  take  advantage  of 
the  Brewster  angle  effects  for  low-angle  reflections,  although  at  grazing  angles  this  advantage  would  not 
be  significant. 

7. A. 10  DUTY  CYCLE.  The  duty  cycle  of  DME  normally  Is  extremely  low  since  an  airborne  station  Interro- 
gates a ground  station  at  a rate  of  less  than  100  Hz  with  pulses  of  less  than  1 microsecond  In  duration. 
This  low  duty  cycle  requires  the  use  of  effective  gating  techniques  to  exclude  system  noise  during  those 
time  domains  when  no  useful  Information  Is  being  transferred. 

7. A. 11  DATA  RATE.  There  are  conflicting  data-rate  criteria.  A high  data  rate  improves  system  perform- 
ance In  both  the  acquisition  and  tracking  modes.  When  in  the  acquisition  mode,  the  larger  the  number  of 
Interrogation  and  response  pulses,  the  more  rapid  the  correlation  within  the  moving  acquisition  gate. 

When  operating  In  the  tracking  mode,  the  higher  the  pulse  rate,  the  greater  the  accuracy  (via  application 
of  smoothing  techniques),  since  the  Improvement  in  accuracy  Is  related  to  the  square  root  of  the  number  of 
pulses  in  the  smoothing  time  Interval.  However,  there  Is  an  adverse  effect  of  high  data  rate.  In  that  the 
ground  station  operation  can  become  saturated  with  fever  Interrogating  aircraft,  resulting  In  a reduced 
overall  system  capacity. 
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SECTION  8 

INTERNATIONAL  DESIGN  PROPOSALS  FOR  MLS* 


New  precision  approach  and  landing  systems,  referred  to  as  MLS,  have  been  under  development  on  an  Inter- 
national basis  for  the  last  5 to  6 years.  Five  countries,  Australia,  France,  the  Federal  Republic  of 
Germany  (F.R.G),  the  United  Kingdom  (I'.K..)  and  the  United  States  (U.S.),  are  submitting  candidate  designs 
to  ICAO  for  selection  as  an  International  standard  [40]  [41].  This  new  s/stem  will  eventually  fully  re- 
place the  currently  used  VHF/UHF  iLS. 

This  section  discusses  some  of  the  Issues  associated  with  design  of  a microwave  landing  system  and  then 
briefly  f ammarlzes  each  of  the  landing  system  programs  of  the  various  countries  and  their  candidate  sys- 
tems. T.ie  empha.'lc  of  the  description  Is  on  signal  format,  since  It  vrlll  be  the  end  result  of  an  Inter- 
nationa . standardization.  The  major  Issues  In  making  this  selection  can  be  grouped  under  headings  of  tech- 
nical lerformance.  Integrity,  and  Implementablllty . In  this  presentation  the  design  features  affecting 
these  Issues  are  stressed. 

The  background  and  general  guidelines  for  the  U.S.  development  are  provided  In  the  final  report  of  the 
Radio  Technical  Committee  for  Aeronautics  (RTCA)  Special  Committee  17  (SC-117)  [41],  which  contained  Inter- 
national participants.  The  operational  requirements  set  down  by  ICAO  mirror  the  SC-117  report  very  closely 
MLS  operational  features  enable  more  varied  approach  and  all-weather  landing  capabilities  than  those  pres- 
ently available  with  ILS.  For  example,  smaller  performance  degradation  due  to  multipath  effects,  flexible 
approach  paths,  and  flare  guidance  under  CAT  III  conditions  are  realizable  with  the  new  system. 

8.1  DESIGN  ISSUES 

MLS  Is  a compatible  design  In  that  each  equipped  aircraft  (general  aviation,  alrcarrler,  or  military)  can 
operate  with  any  ground  station  facility.  The  selected  design  must  consequently  accommodate  a variety  of 
landing  system  configurations,  such  as  small  remote  sites,  aircraft  carriers,  STOL  ports,  and  sophisticated 
terminals  requiring  guidance  Information  through  touchdown  and  roll  out.  Avionics  demands  vary  from  those 
associate,  with  a simple  fixed-path  approach  at  CAT  I conditions  to  those  required  for  curved  paths  and 
automatl'.  blind  landings  with  high-performance  aircraft. 

Elements  of  the  ground  facility  common  to  all  the  proposed  designs  and  their  location  are  shown  In  Figure 
8.1  fjr  a typical  split-site  configuration.  Basic  Information  Is  obtained  from  the  azimuth  antenna  (AZ), 
loctced  at  the  stop  end  of  the  runway,  and  the  main  elevation  antenna  (EL-1)  which  Is  offset  opposite  the 
glide-path  Intercept  point  (GRIP).  Azimuth  angle  coverage  Is  available  over  a sector  of  up  to  ±60  degrees, 
and  elevation  angle  coverage  Is  provided  from  0 degrees  up  to  20  degrees.  The  maximum  range  Is  at  least  20 
nml  under  heavy  rainfall  conditions.  The  maximum  range  Information  Is  available  from  the  precision  dis- 
tance measuring  equipment  (DME)  located  adjacent  to  the  azimuth  antenna.  This  fundamental  data  base  Is 
augmented  by  a flare  guidance  antenna  (EL-2)  and  a back-course  azimuth  antenna  (BAZ)  facility  for  missed 
approach  or  departure  guidance  where  required. 


STOP 


APPROACH 

PATH 


Figure  8.1  Typical  Siting  Arrangement  for  Various  MLS  Elements 
Some  of  the  basic  Issues  associated  with  the  provision  of  this  Inform'^tlon  In  the  MLS  are: 

• Should  the  Information  be  derived  In  the  air,  or  should  It  be  derived  on  the  ground  and  transmitted 
up  to  the  aircraft? 

• By  what  technique  should  the  angle  Information  be  obtained? 


*Thls  section  Is  primarily  based  on  two  reports;  one  by  S.  Ahmed  Meer  and  Stanley  R.  Jones  of  the  Mitre 
Corp.  under  the  direction  of  Project  Leader  Frederick  C.  Holland,  prepared  for  an  Invited  session  on  Air 
Transportation  Systems,  Man  and  Cybernetics,  Dallas,  Texas,  October  2-4,  1974  [38];  and  the  other,  basic 
documents  use<.  by  the  U.S.  FAA  MLS  Technique  Selection  Steering  Committee  of  the  MLS  Central  Assessment 
Group  In  presenting  their  technique  recommendation  to  the  MLS  Executive  Committee  [39]. 
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• What  equipment  is  requl.  c.i.  ^or  the  range  measurement? 

• What  auxilliry  data  capa''<  i‘  :y  is  desired? 

Some  aspects  of  these  Issues  are  reviewed  In  the  following  paragraphs. 

8.1.1  AIR  DERIVED  VS  CROUNIJ  DERIVED.  Proponents  of  the  ground-derived  landing  Information  approach  have 
referred  to  the  concept  as  "the  Integral  approach"  since  it  combines  the  landing  or  navigation  function 
with  the  surveillance  or  ATC  function.  On  the  other  hand,  support  for  the  alr-derlved  concept  Is  often 
based  on  the  fact  that  this  provides  a desired  separate  and  independent  implementation  of  the  navigation 
and  surveillance  functions. 

8. 1.1.1  Advantages  of  Ground-Derived  Concept.  No  computation  is  required  In  the  aircraft  for  position  de- 
termination; a single  computer  at  the  ground  site  (with  backup)  can  process  data  and  then  send  smoothed 
position  Information  to  each  aircraft.  This  should  be  particularly  advantageous  in  such  Instances  as  deck 
motion  compensation  for  aircraft  carrier  operations  and  operations  involving  a fleet  of  aircraft  with  a 
complex  requirement  such  as  curved  approaches.  Safety  of  a military  ground  station  against  electronic 
countermeasures  (ECM)  may  be  easier  to  assure  In  a ground-derived  concept . Total  avionics  for  both  surveil- 
lance and  navigation  may  also  be  minimized  by  Integration  of  these  functions.  Avionics  cost  for  a minimum 
landing  capability  still  may  be  comparatively  high,  however,  with  little  spread  In  cost  between  the  simple 
and  sophisticated  user,  since  they  must  all  carry  basically  the  same  complement  of  a transponder  and  data- 
llnk  receiver. 

8. 1.1. 2 Advantages  of  Alr-Derlved  Concept.  Costs  for  a minimum-configuration  ground  site  are  less  In  the 
alr-derlved  concept  since  even  the  simplest  site  for  a ground-derived  system  fundamentally  requires  a 
significant  computation  for  position  estimation  and  roll  call  as  well  as  a data  link  capability. 

Transmission  of  basic  data  from  the  ground,  with  decoding  and  processing  in  the  air,  avoids  a potential 
capacity  problem  associated  with  the  ground-derived  concept,  which  must  operate  as  a high  frame-rate  sur- 
veillance system  that  in  addition  provides  a data  link  service.  The  air-derived  system  likewise  removes  a 
potential  problem  of  transport  delay  associated  with  making  position  estimates  on  the  ground  and  then  relay- 
ing them  to  the  aircraft.  Finally,  It  may  be  argued  that  the  air-derived  concept  Is  intrinsically  more 
reliable  because  the  ground-derived  system  encounters  the  following  limitations  relative  to  an  alr-derlved 
system: 

■ The  ground  site  Is  more  complex  than  Is  the  site  for  an  alr-derlved  system,  which  increases  failure 
and  maintenance  problems. 

• Each  data  update  for  the  giound-derlved  approach  requires  success  on  a three-way  link  transaction 
(interrogation-reply-uplink  data)  rather  than  on  the  one-way  link  In  alr-derlved  operation.  A failure  on 
any  one  of  these  link  relays  means  a consecutive  loss  of  information  on  the  next  scan  of  the  ground- 
derived  system. 

• The  higher  complexity  of  the  ground-derived  system  may  lead  to  a less  graceful  failure. 

These  factors  were  considered  by  RTCA  in  their  recommendation  of  an  alr-derlved  system.  An  Important  con- 
sideration in  their  choice  was  the  belief  that  safety  and  integrity  of  the  present  ATC  philosophy  Is  due  to 
the  Independent  navigation  and  surveillance  systems.  This  choice  is  generally  endorsed  by  pilots,  who  tend 
to  prefer  cockpit-derived  navigation  data  independent  of  the  ground  surveillance  system. 

8.1.2  ANGLE  MEASUREMENT.  Angle  measurements  for  the  ground-derived  proposals  emphasize  the  potential  ad- 
vantages of  either  computer  processing  or  signal  correlation.  One  of  the  concepts  is  based  on  outputs  from 
interferometers  operating  at  C-band,  while  the  other  ground-based  system  obtains  the  basic  measurement  from 
a modified  L-band  TACAN/DME  signal  with  special  ground  arrays  sited  at  the  azimuth  and  elevation  locations. 

The  alr-derlved  designs  Involve  variations  of  the  basic  angle  measurement  techniques,  scanning  beam  fre- 
quency reference  system  (FRS),  and  Doppler  scan,  indicated  In  Figure  8.2(a)  and  (b)  respectively,  plus 
scanning  beam  time  reference  system  (TRS)  as  exemplified  by  the  Australian  candidate  (see  Figure  8.3). 

Both  techniques  radiate  azimuth  and  elevation  guidance  signals  In  space.  The  Doppler  signal  is  created 
by  the  apparent  linear  motion  of  a CW  source.  The  Doppler  shift  on  the  received  signal  serves  as  the 
measure  of  the  angle  between  the  receiver  and  the  virtual  direction  of  motion  of  the  source.  The  scanning 
beam  signal  in  space,  on  the  other  hand,  is  created  by  scanning  a narrow  beam  whose  transmission  Is 
coded  by  the  beam's  pointing  angle.  The  scanning  beam  (FRS)  angle  position  is  encoded  by  a separate  fre- 
quency modulation  (FM)  on  the  beam,  which  is  decoded  when  the  center  of  the  beam  Illuminates  the  receiver. 
The  scanning  beam  (TRS)  angular  position  is  Inferred  from  the  time  between  beam  passes. 

Although  the  TRS  concept  is  restricted  to  "to-fro"  and  therefore  electronic  scan  implementations,  the  method 
of  beam  position  encoding  allows  cither  mechanical  or  electronic  scan  realizations.  As  mentioned  above, 
Doppler  encoding  is  typically  obtained  by  electronic  comnutation  of  a radiating  source  along  an  array  of 
elements.  It  may,  howeve;',  be  implemented  by  a beam-port  concept  whereby  overlapping  beams  are  simultane- 
ously coded  in  the  proper  frequency  relationship.  This  method  has  also  been  extended  to  a Doppler  conflgu- 
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Flgurv’  8.2  Scanning  Beam  (FRS)  and  Doppler  Scan  Techniques 


ration  developed  from  a sequential  variation  of  the  phase  relationships  between  the  progressive  phase  modes 
on  a circular  antenna. 

8.1.3  COORDINATE  SYSTEM.  In  addition  to  the  technique  of  angle  encoding,  there  Is  the  question  of  what 
should  be  the  angular  coordinate  system  used  In  this  process.  Either  Doppler  or  beam  scanning  of  fixed 
linear  apertures  produces  angle  data  In  conical  coordinates.  Physical  rotation  of  linear  apertures,  elec- 
tronic scanning  of  circular  arrays,  and  certain  other  quasi-optical  systems  provide  the  Information  In 
planar  coordinates.  Both  scanning  beam  and  Doppler  may  be  implemented  In  either  conical  or  planar  coordin- 
ates. 

8.1.4  RANGE  MEASUREMENT.  The  RTCA  report  provides  for  a new  C-band  DME  to  be  implemented  in  the  MLS.  The  * 

high  accuracy  available  with  this  new  design  Is  particularly  appropriate  for  the  flare  guidance  descent  rate 
calculation  as  well  as  for  aircraft  carrier  operations.  Many  now  believe,  however,  that  adequate  range  data 

for  the  MLS  may  ,'e  obtained  at  less  cost  by  modification  of  the  currently  deployed  L-band  DME.  Resolution  4 

of  this  question,  as  well  as  the  question  of  what  type  of  range  data  (low  accuracy  DME  or  marker  beacons) 
is  required  for  low  capability  users,  can  be  made  somewhat  independently  of  the  other  air-derived  system 
Issues. 

8.1.5  AUXILIARY  DATA  CAPABILITIES.  An  Integral  data  link  is  available  In  all  MLS  proposals.  Basically, 
this  link  must  provide  reliable  Identification  of  various  kinds  of  transmitted  guidance  Information  (func- 
tion Identification).  Additional  capacity  Is  available  for  sending  Information  called  auxiliary  (AUX)  data, 
concerning  the  ground-site  capabilities  or  data  related  to  position  computation  In  the  air-derived  systems. 

AUX  data  contains  runway  Identification,  site  configuration,  distances,  and  height  difference  between  the  MLS 
ground  antennas,  and  weather  Information.  Other  AUX  data  transmission  such  as  runway  condition  or  wind 
shear  Is  also  possible,  but  this  AUX  link  capability  must  not  Impair  the  basic  performance  of  the  system 
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for  aircraft  landing.  Some  of  the  practical  aspects  of  these  design  Issues  are  Illustrated  In  the  follow- 
ing overview  proposed  designs. 

8.2  AIR-DERIVED  MLS 


The  Australian,  U.K.,  and  U.S.  microwave  landing  systems  are  all  alr-derlved.  They  also  closely  follow  the 
frequency  bands  and  channel  assignments  of  SC-117.  C-band  in  the  range  of  5,000  MHz  to  5,200  MHz  Is  used 
for  the  main  functions  of  azimuth  (front  and  back),  elevation,  and  range.*  Ku-band  In  the  range  of  15,400 
MHz  to  15,700  MHz  Is  available  for  the  flare-out  function. 

The  total  number  of  channels  for  each  function  In  200.  The  200  "angle"  channels  for  azimuth  (front  and 
back)  and  elevation  have  a bandwidth  of  600  kHz  each.  These  C-band  channels  also  transmit  AUX  data,  which 
Is  multiplexed  with  the  angle  data.  Multiple  tone  codes  or  binary  codes  are  used  for  AUX  data.  Each  DME 
channel  has  a bandwidth  of  three  MHz,  three  times  the  present  L-band  DME.  To  obtain  200  "effective" 
channels,  each  of  20  DME  frequencies  employs  10  Independent  waveforms  or  codes  as  opposed  to  the  present 
two  codes  (X  and  Y)  In  the  L-band  DME. 

The  flare-guidance  function  Is  allocated  900  kHz  per  channel  at  Ku-band.  However,  all  countries  are  also 
evaluating  the  use  of  C-band  for  flare.  In  comparison  to  Ku-band,  an  all  C-band  system  has  the  obvious 
advantages  of:  (a)  one  airborne  antenna  and  one  RF  front-end,  (b)  lower  rain  attenuation,  (c)  higher 
efficiency  amplifiers,  (d)  lighter  transmitters,  and  (e)  spectrum  conservation.  The  main  disadvantages 
compared  to  Ku-band  are  the  basically  larger  EL-2  ground  antenna  and  the  near-field  effects  on  the  an- 
tenna beam-width  that  lower  accuracy. 

The  flare  signal  structure,  whether  C-band  or  Ku-band,  Is  similar  to  the  other  angle  functions,  so  that 
It  can  be  Integrated  with  the  other  angle  functions  in  the  avionics.  The  DME,  on  the  other  hand.  Is  inde- 
pendent of  the  angle  functions  except  that  the  200-channel  designs  are  generally  arranged  to  permit  the 
use  of  common  synthesizers.  The  signal  spectrum  use  in  each  600-kHz  C-band  channel  depends  on  Che  tech- 
nique. The  differences  among  each  technique  are  therefore  better  understood  by  looking  at  the  manner  in 
which  this  bandwidth  and  Che  corresponding  time  are  subdivided  in  order  to  multiplex  the  various  angle 
functions  and  AUX  data.  Only  the  U.S.  Is  supporting  a significant  DME  effort.  The  following  discussion 
Is  restricted  to  the  angle  measurement  features  of  each  design. 

8.2.1  AUSTRALIAN  INTERSCAN.  The  Australian  MLS  uses  the  TRS  concept  and  Is  called  INTERSCAN  (Time  In- 
terval Scanning).  The  technique  Is  based  on  the  scan  of  a narrow  beam  across  the  sector  of  coverage  at  a 
precise  rate.  The  scanning  speed  Is  uniform  with  Che  beam,  starting  from  one  extremity  of  the  i66°  azimuth 
component  coverage  sector  and  moving  to  the  other  and  then  back  again  to  the  starting  point,  thus  produc- 
ing a "to-fro"  scan  as  shown  In  Figure  8.3.  In  each  scanning  cycle,  two  pulses  are  received  by  an  ap- 
proaching aircraft;  the  time  Interval  between  the  "to"  and  "fro"  pulses  is  proportional  to  the  angular 
position  of  the  aircraft. 

The  "to-fro"  scan  is  followed  by  data  transmission  over  a separate  broad-beam  pattern  for  a duration 
roughly  equal  to  Che  scanning  time.  Data  Is  transmitted  on  eight  tones.  Three  of  the  tones  are  used  to 
Identify  the  function  and  are  called  function  Identification  (FCN  ID)  data.  The  other  five  tones  are  used 
for  AUX  data.  The  eight  tones  are  phase  modulated  on  the  same  carrier  radiated  on  the  scanning  beam. 

Frequency  division  multiplexing  (FDM)  is  used  to  multiplex  the  various  azimuth  and  elevation  functions. 

Each  of  the  600-kHz  C-band  channels  specified  by  SC-117  is  divided  Into  five  subchannels  of  50  kHz  each 
with  70-kHz  guard  bands  between  the  channels,  as  shown  in  Figure  8.4(a).  The  Australian  design  Includes 
an  additional  back-elevaclon  (BEL)  signal  and  also  employs  a C-band  EL-2  flare  signal.  The  timing  for 
the  main  azimuth  (AZ)  and  back  azimuth  (BAZ)  are  similar,  as  shown  In  Figure  8.4(b).  The  complete  cycle 
of  the  azimuth  function  Is  50  ms,  half  for  the  angle  scanning  and  the  other  half  for  the  FCN  ID  and  AUX 
data.  The  resulting  azimuth  angle  data  rate  Is  20  Hz.  The  angle  data  rate  for  elevation  functions  Is 
double  the  azimuth  rate,  as  shown  in  Figure  8.4(c),  with  a 25-ms  period  for  a complete  cycle.  A multi- 
ple-feed reflecting  antenna  is  used  to  uniformly  scan  at  the  relatively  high  data  rates.  The  feeds  are 
commutated  electronically  to  scan  the  sector. 

The  proposed  Australian  EL-2  flare  concept  Is  novel  in  that  the  antenna  will  face  the  runway  from  the 
side,  as  shown  in  Figure  8.5(a).  The  azimuth  axis  of  the  EL-2  is  therefore  at  right  angles  to  EL-1. 

The  EL-2  antenna  has  a wide  horizontal  coverage  centered  on  the  direction  of  the  touchdown  point.  Planar 
beams  are  employed  for  both  azimuth  and  elevation. 

In  the  airborne  receiver,  the  five  functions  are  first  amplified  In  a common  RF  and  Intermediate  frequency 
(IF)  section  before  being  separated  into  five  narrow-band  (50-kHz)  IF  channels,  each  controlled  by  Its  own 
automatic  gain  control  (AGC) . The  output  of  each  channel  Is  directly  Identifiable  with  the  corresponding 
function.  In  addition,  the  FCN  ID  data  tones  verify  the  signal.  The  bandwidth  of  the  scanning  pulse  and 
the  data  Is  13  kHz,  with  an  allowance  of  ±10  kHz  for  ground  and  air  oscillator  Instabilities  and  a Doppler 
shift  from  aircraft  speed  of  ±2  kHz.  These  total  the  allocated  50-kHz  bandwidth.  The  specified  airborne 
receiver  noise  figure  Is  9 dB. 

Multipath  rejection  techniques  used  In  INTERSCAN  are  similar  to  other  scanning  beam  techniques.  Pulse- 
width  discrimination  Is  used  to  detect  the  presence  of  multipath  signals  within  the  beam  so  that  Incorrect 
data  can  be  discarded.  The  airborne  AGC  circuits  are  designed  to  select  only  the  greatest  amplitude 
pulses  during  acquisition;  after  acquisition  only  the  pulses  exceeding  an  amplitude  threshold  are  proc- 
essed. Time-gate  trackers  are  also  proposed.  Evaluation  of  these  techniques  Is  still  continuing.  MLS 
configurations  for  general  aviation  aircraft  for  CAT  I and  lower  category  are  also  Included  in  the 
Australian  MLS  proposal. 


*The  Australian  design  does  not  presently  propose  a special  DME. 
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Figure  8.3  Australian  AZ  Scanning  Signal 


8.2.2  UNITED  KINGDOM'S  DOPPLER  MLS.  The  U.K.  was  the  earliest  proponent  of  Doppler  MLS.  Their  efforts 
have  resulted  in  a fairly  extensive  theoretical  and  experimental  basis  for  the  use  of  a Doppler-ef feet 
signal.  The  proposed  Doppler  signal  is  generated  by  a commutated  linear  array,  resulting  in  conical 
beams.  Auxiliary  arrays  for  conlcal-to-planar  beam  conversion  are  also  Included  for  CAT  III  configura- 
tions. 

The  signal  format  is  basically  frequency-division  multiplexed  (FDM).  The  600-kHz  C-band  channel  is  di- 
vided into  four  subchannels  as  shown  in  Figure  8.6.  The  design  emphasizes  the  Importance  of  the  AZ  and 
EL-1  functions  by  dedicating  subchannels  to  these  functions.  The  AZ  function  is  allocated  50  kHz,  and 
El.-’  is  allocated  15  kHz.  The  other  60-kHz  subchannel  is  time-dlvlclon  multiplexed  (TDM)  with  BAZ  and 
signals  from  the  auxiliary  arrays.  The  fourth  15-kHz  subchannel  is  for  data.  At  present,  EL-2  is  trans- 
mit 'ed  separately  on  Ku-band  as  suggested  by  SC-117.  The  U.K.  Doppler  array  is  scanned  alternately  to 
and  tru  (and  up  and  dovm) . To  get  the  same  Doppler  offset  in  the  up-and-down  scans,  the  frequencies  to 
the  Doppler  array  and  the  reference  antenna  alternate.  The  resulting  signal  at  the  aircraft  is  always 
single  sideband;  the  sideband  or  offset  frequency  is  24.96  kHz  for  AZ  and  14.96  kHz  for  EL-1.  The  Dop- 
pler coding  sensitivity  is  135  Hz  per  degree. 

The  array  lengths  are  1201  for  AZ,  601  for  BAZ,  and  901  for  EL-2,  where  1 is  wavelength  at  the  corres- 
ponding band.  To  satisfy  the  sampling  theorem,  the  number  of  array  elements  must  be  equal  to  twice  the 
number  of  wavelengths  in  the  aperture.  However,  the  U.K.  design  attempts  to  minimize  the  number  of  array 
elements  by  using  either  a course  or  fine  configuration  interferometer-like  approach  to  thin  out  the  num- 
ber of  array  elements.  This  is  done  by  making  the  reference  antenna  into  a small  array,  collnear  with  the 
corresponding  main  array.  By  commutating  the  reference  in  the  same  direction  as  the  main  array,  the  change 
in  relative  spacing  between  reference  and  main  array  elements  can  be  kept  to  the  order  of  1/2.  Thus,  in- 
stead of  240  elements  in  the  AZ  antenna  array,  the  U.K.  design  has  64  main  array  elements  and  four  refer- 
ence array  elements.  Similarly,  the  EL-1  antenna  has  32  elements  in  its  main  array  and  four  elements  in 
the  reference  array.  The  EL-2  main  array  has  96  elements,  and  13  elements  in  the  reference.  Figure  8.7 
Illustrates  the  element-thinning  technique  for  an  azimuth  array.  A standby  thinned  array  Interlaced  with 
the  main  thinned  array  is  also  being  considered  as  shown  in  the  figure;  automatic  switchover  from  the  op- 
erational to  the  standby  equipment  is  proposed  for  CAT  III  integrity  requirements. 
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Figure  8.4  Australian  Signal  Format 


The  elevation  array  elements  are  wave-guide  horns  that  feed  Into  a parallel  plate  region  which  provides  an 
H-plane  aperture  to  generate  a *30°  sectoral  pattern  In  azimuth.  The  basic  element  In  the  azimuth  array 
Is  a monopole  In  a wave  guide.  This  couples  Into  an  extended  ground  plane  In  order  to  achieve  cutoff  at 
low  elevation  angles.  To  Improve  the  elevation  cutoff  thus  obtained,  consideration  Is  now  being  given  to 
wave-guide  lolumn  arrays  using  slots  In  the  narrow  wall.  The  design  objective  for  the  azimuth  array  Is  to 
produce  a 3U°  sectoral  pattern  In  elevation  with  a lower  edge  cutoff  rate  of  10  dB  per  degree  at  the 
horizontal. 

The  FDM  format  used  requires  a frequency  stability  of  6 parts  per  million  or  i . This  has  been  allocated 
as  2 p.p.m.  to  ground,  3.7  p.p.m.  to  the  avionics,  and  the  remaining  0.3  p.p.  aircraft  Doppler  shift. 

Interference  in  the  FDM  format  la  being  evaluated.  The  worst  conditions  are  expected  to  be  associated  with 
coupling  of  the  EL-1  signal  Into  the  AZ  signal  subchannel  when  the  aircraft  Is  at  the  GPIP.  The  next  worst 
case  Is  the  Interference  to  BAZ  from  AZ  when  an  aircraft  overflies  the  AZ  array  at  an  altitude  as  low  as 
100  feet.  The  designed  protection  ratios  for  these  conditions  are  73  dB  and  63  dB  respectively. 
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(b)  ELEVATION  VIEW 


Figure  8.5  INTERSCAN  Flare  (EL-2) 


In  the  airborne  receiver,  the  FDM  channels  are  separated  in  the  IF.  The  doppler  decoder  contains  a narrow- 
band  tracking  filter  with  automatic  search,  acquisition,  and  validation.  The  tracking  filter  is  essen- 
tially an  automatic  frequency  control  (AFC)  loop  that  centers  the  signal  into  a fixed  narrow-band  filter. 
Figure  8.8  shows  such  a basic  tracking  filter,  is  used  with  slight  variation  in  both  U.K.  and  U.S.  designs. 

8.2.3  UNITED  STATES  MLS  PROGRAM.  The  U.S.  MLS  Program  is  the  most  extensive  of  the  international  efforts. 
The  U.S.  has  sponsored  the  development,  design,  fabrication,  and  test  of  MLS  hardware  representative  of  the 
two  basic  techniques,  l.e.,  scanning  beam  (called  conventional  scanning  beam  or  CSB)  and  Doppler.  A com- 
prehensive test  and  evaluation  program  clearly  demonstrated  that  either  technique  can  meet  the  stringent 
requirements  associated  with  an  all-weather  landing  system. 

Results  of  this  feasibility  demonstration  phase  test  and  evaluation  are  being  used  to  narrow  down  from 
among  two  CSB  designs  and  two  Doppler  designs  to  a single  U.S.  MLS  technique.  The  organization  and  philo- 
sophy of  the  selection  process  implemented  in  the  U.S.  MLS  Development  Program  is  described  in  a companion 
paper  [42].  Detailed  data  concerning  the  four  designs  are  presented  in  a recent  progress  report  on  the 
U.S.  MLS  Development  Program  [43].  The  U.S.  has  followed  SC-117  recommendations  very  closely;  three  of 
the  designs  plan  to  use  Ku-band  for  EL-2,  and  three  designs  use  TDM.  One  Doppler  design,  however,  uses  a 
C-band  EL-2,  and  one  CSB  design  uses  separate  600-kHz  C-band  channels  for  EL-1  and  AZ. 

The  U.S.  candidate  systems  possess  many  com. ion  features.  In  particular,  each  fully  meets  the  functional 
requirements  for  landing  guidance  systems  as  defined  by  ICAO  and  as  detailed  and  expanded  by  the  FAA  during 
the  evaluation  process.  The  differences  concern  the  operating  principles  of  these  technologies  and  the 
timing  sequences  by  which  the  guidance  data  is  provided  to  the  aircraft.  The  demonstrated  operational  and 
functional  capabilities  of  these  systems  and  the  timing  sequence  features  of  the  signal  formats  are  de- 
scribed in  the  following  paragraphs. 
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Figure  8.6  U.K.  Signal  Format 
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NOTE:  T = SCAN  TIME  Figure  8.8  AFC  Tracking  Filter 

8. 2. 3.1  Operational  Capabilities.  The  MLS  provides  the  following  operational  capabilities  In  different 
combinations  for  various  configurations: 

• Guidance  so  that  closely-spaced  parallel  runways  may  be  used  to  accommodate  hlgh-denslty  air  traffic. 

• Guidance  so  that  offset,  segmented,  or  curved  patlis  may  be  used  ao  an  aid  to  Increased  capacity  In  the 

terminal  area  and  to  aid  In  noise  abatement,  and  obstruction  clearance. 

• Guidance  so  that  offset  or  segmented  paths  may  be  used  as  an  aid  to  wake  vortex  avoidance. 

• Guidance  so  that  a high- integrity  CAT  Illb  landing  can  be  made  available  at  a broad  range  of  airports. 

• Missed-approach  and  departure  guidance  to  reduce  decisions  heights  and  airspace  requirements. 

• Positional  data  to  aid  In  advanced  metering  and  spacing. 

• Low-cost  versions  of  ground  and  airborne  equipment  to  provide  lower  performance  landing  service  at 
general  aviation  airports. 

• Versions  to  give  landing  services  for  vertical  and  short  takeoff  and  landing  (V/STOL)  operations. 

• Versions  for  tactical  military  operations. 

• Versions  for  operations  on  aircraft  carriers  and  military  shore  bases. 

These  systems  are  designed  so  that  the  simplest  airborne  MLS  equipment  configuration  can  obtain  commensu- 
rate service  from  the  most  complex  MI.S  ground  configuration;  conversely,  the  most  complex  airborne  config- 
uration can  obtain  commensurate  service  from  the  simplest  MLS  ground  configuration. 

The  MLS  will  use  a compatible  signal  fonnat  for  both  civil  and  military  applications. 

8. 2. 3. 2 Classes  of  Service.  Various  functional  capabilities  are  requiied  to  provide  the  classes  of  ser- 
vice necessary  to  meet  the  current  and  foreseeable  operational  requirements.  The  functional  capabilities 
are  provided  In  modular  form  so  that  services  appropriate  to  differing  requirements  can  be  formulated.  Re- 
quirements specified  for  each  service  reflect  the  range  of  capability  Inherent  In  the  MLS  technique  and 
signal  format.  Subsystem  functional  requirements  do  not  restrict  the  performance  of  any  particular  system 
but  indicate  a range  and  combination  of  services  available  to  the  user.  For  example,  while  the  azimuth 
coverage  for  the  full  capability  azimuth  subsystem  is  specified  as  '6Q°,  the  user  can  limit  that  coverage 
to  ±10°  or  whatever  value  the  particular  application  might  dictate.  Conversely,  It  Is  possible  to  obtain 
wide-angle  coverage,  ±60°,  for  the  lowest-level  accuracy  subsystem. 

Lateral  service  available  with  MLS  provides  precision  guidance  throughout  the  coverage  specified  for  each 
level  of  subsystem.  The  MLS  is  compatible  with  the  lateral  path  shapes  used  within  the  coverage  region 
(e.g.,  multipath  straight  and  curved  segments).  However,  the  actual  path  shape  for  other  than  simple, 
stralght-in  approaches  will  be  determined  by  the  navigation  equipment  carried  In  the  aircraft,  such  as  a 
computer  not  part  of  the  average  airborne  MLS  complement. 

In  addition  to  precision  azimuth  information  provided  in  the  same  measuring  units  at  all  Installations, 
the  MLS  furnishes  a means  to  adjust  the  effective  course  width  to  provide  an  acceptable  deflection  sensi- 
tivity at  runway  threshold  regardless  of  runway  length. 

Azimuth  and  DME  rollout  service  are  to  be  provided  on  the  surface  of  the  runway  for  guidance  of  the  air- 
craft during  deceleration  to  the  initiation  of  turnoff  onto  a taxiway. 
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An  elevation  subsystem  wll.'  provide  precision  guidance  for  vertical  service  from  2°  to  15°.  As  with 
lateral  service,  the  MLS  is  compatible  with  the  various  vertical  path  shapes  usable  within  this  coverage 
region  (e.g.  multiple  segments  of  different  descent  angles).  The  actual  path  shape  for  other  than 
straight  descents  will  be  determined  by  equipment  carried  in  the  aircraft,  such  as  a computer  not  part  of 
^ the  average  airborne  MLS  compiement.  Vertical  position  flare  guidance  (EL-2)  Is  provided  from  near  the 

^ runway  surface  throughout  the  touchdown  zone. 

- Back  azimuth  (BAZ)  for  missed  approach  or  departure  lateral  guidance  will  be  provided.  Distance  service 

^ (DME)  is  also  provided  as  part  ot  MLS.  All  MLS  Implementations  provide  runway  Identification  signals  In 

^ Morse  code  and  signals  to  Identify  the  MLS  functions  being  transmitted  by  the  ground  equipment  (e.g.,  azl- 

\ muth,  elevation  plus  AUX  data  such  as  MLS  operational  status,  azimuth  scale  factor,  or  minimum  glide 

slope. 

8. 2. 3. 3 Channelization.  The  MLS  operates  -t  C-band,  except  that  flare  guidance  may  operate  at  Ku-band. 

An  all  Ku-banH  yfl.S  also  may  be  used  for  some  military  configurations.  The  civil  channels  are  "hard- 
paired"  up  f.i)  three  frequencies  (DME,  angle,  and  flare  guidance)  for  each  MLS  Installation  without  over- 
lap. The  number  of  channels  reserved  allows  noninterfering  operation  In  the  projected  worst-case  densi- 
ties of  the  foreseeable  future. 

The  MLS  provides  200  channels  for  azimuth  and  elevation  Information  in  the  frequency  range  of  5000  to  5125 
MHz  (C-band).  Two  hundred  associated  channels  are  provided  for  distance  information  in  the  frequency 
range  of  5125  to  5250  MHz  (C-band)  and  200  essoclated  channels  for  flare  guidance  in  the  frequency  range 
of  15,400  to  15,700  Mllz  (Ku-band).  Each  channel  defines  all  frequencies  and  DME  time-coding  associated 
with  an  Individual  ground  system  Installation,  which  may  contain  C-band  azimuth,  elevation,  and  DME  sub- 
systems plus  either  a Ku-band  or  C-band  flare  subsystem.  The  channel  plan  and  signal  format  allow  a geo- 
graphical deployment  of  the  MLS  adequate  to  meet  reasonable  projections  of  system  Installations  without 
system-to-system  Interference. 

8. 2. 3. 4 Sit Ing.  Representative  siting  for  the  MLS  ground  stations  is  illustrated  by  Figure  8.9  for  the 
expanded  system.  Stations  such  as  flare  and  back  azimuth  may  be  deleted  for  lower  category  landing 
services. 

8. 2. 3. 5 Coverage.  The  MI.S  provides  the  near-runway  coverage  Illustrated  by  Figures  8.10,  8.11,  and  8.12 
and  the  long-range  coverage  shown  by  Table  8,1.  The  accuracy  abilities  associated  with  this  coverage  vol- 
ume are  shown  by  Figure  8.13. 

8. 2. 3. 6 Conventional  Scanning  Beam  TRS  Signal  Format.  The  basis  of  the  CSB  MLS  candidate  concept  Is  the 
use  of  ground-based  antennas  to  generate  narrow  fan-shaped  beams.  The  optimum  CSB  technique  established 
by  the  test  and  evaluation  program  Is  the  time  reference  system  (TRS),  in  which  beams  are  scanned  over  the 
volume  to  be  covered  contiguously  In  a clockwise  direction  and  then  In  a counterclockwise  direction,  ("to- 
fro")  similar  to  the  Australian  system  described  in  paragraph  8.2,1.  An  airborne  receiver  located  In  the 
coverage  region  senses  the  passage  of  a beam  In  both  directions  and  decodes  Its  angular  position  from  the 
time  displacement  of  the  two  beams.  This  position  is  used  in  deriving  guidance  signals  for  display  to  the 
pilot  or  for  Interface  with  an  autopilot. 

All  angular  functions  are  separated  by  time  diversity  and  may  use  a common  frequency  channel.  By  trans- 
mitting azimuth,  elevation  and  other  information  cyclically  on  the  same  frequency,  an  airborne  receiver 
can  use  the  same  receiving  and  decoding  circuits  to  process  both,  resulting  in  a substantial  cost  saving. 

Autopilot  studies  have  shown  that  a data  update  rate  of  as  low  as  five  scans  per  second  provides  an  excel- 
lent margin  of  safety  over  the  minimum  usable  scan  rate.  However,  environmental  constraints  (multipath) 
'ctate  the  higher  update  rates  actually  employed  for  optimized  performance. 

The  CSB  TRS  scan  format  is  shown  In  Figure  8.14.  The  vertical  guidance  data  rate  Is  more  than  twice  as 
eat  as  for  latcal  guidance,  because  there  is  less  angular  sector  to  sweep,  and  higher  data  rates  are 
aqiilred  for  Inbeam  multipath  averaging. 

Specific  features  of  the  CSB/TRS  system  include: 

• Coverage  - In  addition  to  the  coverage  demanded  by  the  requirements,  the  proposed  format  provides  func- 
tional time  slots  for  future  Implementation  of  360°  azimuth  coverage  and  0°  to  20°  back  elevation  covei- 
age. 

• Accuracy  - The  TRS  format  will  provide  better  "clean  site"  accuracy  than  the  KRS  formats,  by  elimina- 
tion of  quantization  and  thermal  noise  errors  associated  with  the  frequency  coding  on  the  beam. 

• Multipath  rejection  - The  TRS  format  will  provide  improved  performance  in  multipath  situations  by  use 
of  substantially  higher  data  rates,  which  will  provide  effective  "multipath  averaging"  and  which  will  al- 
low the  use  of  effective  error  limiting  and  outlier  rejection  techniques. 

• Perfomuince  - The  higher  accuracy  and  data  rate  provided  by  the  TRS  format  will  result  in  significant 
improvements  In  coupled  airframe  performance,  exhibited  by  smoother  and  more  precise  path  following  for 
curved  approach  and  autoland  operation. 

• Interference  resistance  - The  well  confined  spectrum  of  the  proposed  technique  reduces  cross-channel 
Interference  and  Interference  to  other  services.  The  nature  of  the  TRS  scanning  beam  angle  measurement 
process  makes  it  highly  resistant  to  Interference  from  non-MLS  sources,  such  as  C-band  radars. 

• Site  Immunity  - The  standard  benefits  from  CSB  MLS  of  spatial  control  and  use  of  narrow  scanned 
beams  are  provided.  Techniques  for  Implementing  azimuth  hopover  (or  centerline  emphasis)  with  electroni- 
cally scanned  phased  arrays  are  being  investigated.  The  Improved  multipath  rejection  via  high  data  rates 
also  Increases  site  immunity  by  reducing  the  multipath  effects  of  large  nearby  structures. 
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PLAN  VIEW 


Figure  8.9  L'.S.  Nominal  High  Performance  Siting 


• Hardware  realizability  - Virtually  all  types  of  scanning  beam  antennas  compatible  with  tlie  proposed 

format  have  been  demonstrated,  Including:  linear  phased  arrays  and  beam-port  antennas  (Bendlx),  torus 

(AMSCAN)  antennas  and  mechanical  scan  antennas  (TI). 

• Integrity  - The  integrity  of  TRS  over  FRS  Is  improved  by:  (a)  redundant  FCN  ID  encoded  on  the  omnl 
ID  message  by  disk  pliase-shlft  (DPSK)  and  via  a unique  keying  time  relationship  established  in  the 
signal  format  between  the  Barker  sync  pulse  in  the  omnl-ID  signal  and  the  midpoint  of  the  "to-fro"  scan 
format  for  each  function  (this  is  a form  of  "Identify  on  omnl/verlfy-on-beam")  (b)  use  of  electronic 
linear  arrays  with  a high  degree  of  fail-operational  capability,  (c)  use  of  high  data  rates  for  Improved 
motion-multipath  averaging  to  reduce  multipath  effects,  (d)  adjustable  coverage  limits  in  the  ground  MLS 
equipment  without  resort  to  a data  link,  (e)  simpler  transmitter  implementation,  which  reduces  the  number 
of  monitored  functions  and  Increases  the  system  reliability,  and  (f)  simpler  field  monitor 
Iraplementat Ion. 

• Monitoring  - The  simpler  TRS  system  concept  proposed  will  ease  the  monitoring  requirements. 

• Channelization  - The  proposed  TRS  format  fully  satisfies  the  functional  requirements  for  MLS  channel- 
ization, and  in  fact  offers  the  possibility  for  doubling  the  number  of  MLS  channels  or  reducing  the  MLS 
spectrum  occupancy  by  reducing  the  channel  separation  to  300  kHz.  Also,  the  channel  plan  keeps  the 
C-band  or  Ku-band  option  open  for  flare  and  military  systems;  it  Is  arranged  to  allow  modular  receiver 
configuration  and  use  of  a common  synthesizer,  and  it  places  DMF-  at  the  top  of  the  frequency  band  to  pro- 
tect the  radio  astronomy  experimental  band. 

• Rate  information  - The  TRS  format  provides  much  higher  data  rates  than  earlier  recommendations  and 
this  plus  the  improved  accuracy  will  result  in  substantial  Improvements  In  MLS  position-derived  rate 
Information. 

• Special  System  Considerations  - The  proposed  format  allows  either  C-band  or  Ku-band  implementation 
for  the  flare  and  military  systems.  It  also  allows  for  mechanical  scan  Implementation  of  the  military 
tactical  systems  if  desired,  and  the  higher  data  rate  (40  Hz  for  AZ  and  EL)  will  Improve  aircraft  car- 
rier performance. 
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Figure  8.10  Azimuth  and  DMF.  Subsystem  Coverage  Near  Runway 
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Figure  8.11  Klevntion  Subsy.stein  Coverage  Near  Runway 


• Ground  vs  airborne  complexity  and  cost  tradeoffs  - All  major  ground  versus  airborne  cost  tradeoffs 
have  been  resolved  In  favor  of  reducing  airborne  system  cost.  Major  system  tradeoffs  affecting  air- 
borne system  costs  which  were  resolved  In  favor  of  reduced  airborne  costs  Included  selection  of  TRS  vice 
FRS,  TDM  vice  FDM,  and  DPSK  vice  fixed  tone  data  transmission. 


VERTICAL  COVERAGE 


Figure  8.12  Flare  Subsystem  Coverage  Near  Touchdown 


TABLE  8.1  LONG-RANGE  COVERAGE  ACCURACY  ABILITIES  OF  MLS  GROUND  FUNCTIONS 

Altitude 
(1000  ft.) 

Functional  Coverage 

Element  Width 

Azimuth  W 20 

M 20 

N 20 

Back  Course  M 5 

Elevation  W 20 

M 20 

N 20 

Flare  - 2 

DME  W 20 

M 20 

N 20 

DME  M 5 

(BC) 

*Coverage  clearance  extends  beyond  the  proportional  coverage  region. 

**Azimuth  and  DME  information  Is  provided  from  1°  or  the  obstacle  clearance  plane,  whichever  is  greater. 

***Flare  guidance  Is  provided  at  low  angles  whenever  elevation  guidance  Is  also  provided  at  low  angles. 
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Figure  8.13  Allowable  Degradation  Characteristics  for  CAT-111  Subsystems 
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Figure  8.15  RF  Spectrun  of  CSB  and  Doppler  for  Single  Function  (e.g.,  AZ  or  El-2) 


8. 2. 3. 7 Doppler  Signal  Format.  In  the  Doppler  MLS  candidate,  the  frequency  coding  is  inherent  in  the 
Doppler  effect.  The  RF  spectrum  Is  a baseband  signal  superimposed  as  a double  sideband  on  the  carrier  as 
shown  In  Figure  8.15.  The  RF  spectrum  results  from  the  addition  of  the  signals  in  space,  that  is,  one 
transmitter  feeds  a reference  antenna  to  radiate  the  Doppler  reference  carrier  and  the  AUX  data,  while  a 
separate  transmitter  feeds  the  Doppler  array  to  radiate  the  baseband  angle  signal,  shifted  in  frequency 
to  fc+fo  3"^^  fc“^o  shown  In  Figure  8.16.  The  two  sidebands  In  the  Doppler  signal  are  radiated  inphase 
with  the  carrier,  resulting  In  an  amplitude-modulated  signal  that  can  be  demodulated  with  an  envelope  de- 
tector. This  signal  structure  applies  tto  the  various  functions  of  azimuth,  elevation,  and  flare.  The 
largest  fraction  of  the  200-ms  period  is  allocated  to  azimutli,  as  shown  in  Figure  8.17.  The  flare  func- 
tion is  transmitted  twice,  resulting  in  a 10-Hz  data  rate  for  this  function.  Guard  bands  are  positioned 
between  each  function,  and  additionally,  an  identification  signal  is  transmitted  with  each  function  so 
that  the  timing  sequence  need  not  be  "hard  wired"  into  the  avionics.  Although  EL-2  is  on  Ku-band,  it  is 
time  multiplexed  with  C-band  angle  functions  in  order  to  use  common  IP's  and  angle  decoders  in  the 
aircraft. 


One  basic  difference  between  the  CSB  and  Doppler  signals  is  their  time  duration.  The  passage  of  the  CSB 
signal  produces  a relatively  short  pulse  of  approximately  1 ms,  while  the  Doppler  signal  duration  is  10  ms 
to  70  ms,  depending  on  the  angle  function.  However,  the  single-scan  duration  of  the  Doppler  is  of  the 
same  order  as  that  for  the  CSB  received  signal,  such  that  in  a given  function  period  the  Doppler  AZ  de- 
signs provide  up  to  26  scans  and  about  half  this  number  for  other  functions.  The  Doppler  signal  format  is 
essentially  a pure  form  of  time  multiplex  among  all  angle  functions  and  auxiliary  services  within  a 600- 
kHz  channel  bandwidth.  Two  basic  frame  lengths  are  used;  200  ms  for  CAT  III  systems  and  those  systems 
featuring  ECONAV,  an  economical  36(h  azimuth  navigation  unit  suitable  for  multiple  runways,  and  100  ms  for 
basic  guidance  and  aircraft  carrier  landing  applications. 


Data  update  rates  of  5 per  second  or  more  are  available  from  all  functional  elements  except  EL-2,  which 
has  10  per  second,  and  the  ECONAV,  which  has  a minimum  of  1 per  second.  The  format  provides  for  AZ  and 
EL  with  a 10-Hz  update  rate,  together  with  a high-capacity  AUX  data  rate  for  application  to  aircraft 
carriers. 
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Figure  8.16  Doppler  Signal  Generation 


The  carrier  frequency  Is  placed  In  the  center  of  the  allocated  600  kHz  with  an  angle  sideband  spaced  100 
kHz  from  It.  The  sideband  changes  position  above  and  below  the  carrier  with  each  scan.  The  apparent 
Doppler  shift  as  experienced  by  the  receiver  extends  25  kHz  on  either  side  of  the  sideband  over  the  range 
of  azimuth  coverage.  Function  ID,  AUX  data,  and  out-of-coverage  indication  (OCI)  are  modulated  on  a 
50-kHz  sideband  time  multiplexed  with  angle. 

The  format  is  fully  compatible  with  various  airborne  processing  systems,  including: 

• Full  time-slot  (multlscan)  counting 

• Scan-at-a-t Ime  (unlscan)  counting 

• Use  of  fixed  sector  filters 

• Angle  tracking  filters 

The  format  Is  fully  compatible  with  various  Doppler  ground  antenna  implementations.  Including: 

• Basic  commutated  array 

• Commutated  reference  array 

The  Doppler  signal  format  provides  for  various  combinations  of  the  following  functions  by  assigning  a time 
slot  to  each  function: 

• AZ  or  EL-1  guidance  elements  operating  at  C-band,  suitable  for  the  full  range  of  capabilities. 

• DUE  elements  operating  at  a separate  portion  of  C-band  with  separate  but  correlated  channels. 

• An  EL-2  element  for  flare  guidance  to  touchdown  on  paired  channels  at  Ku-band  or  C-band. 

• 6AZ  and  optional  BEL  guidance  elements  for  missed  approach  and  departure  service,  operating  at  C-band. 

• An  azimuth  guidance  element  having  360°  coverage  for  navigation  guidance  (ECONAV),  operating  at  C-band. 

• Optional  Ku-band  AZ  and  EL  guidance  elements  for  tactical  applications. 

• Growth  capability  for  future  optional  functions. 

These  functions  are  available  on  a single-channel  assignment  with  the  following  limitations: 

• Full-capability  configurations  for  hub  airports  can  have  any  combination  of  AZ,  EL-1,  DME,  EL-2,  BAZ, 
and  BEL. 


• Configurations  for  nonhub  airports  can  have  any  combination  of  functions  AZ,  EL,  DME,  and  ECONAV. 
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Figure  8.17  Doppler  .Scan  Format 


• Tactical  configurations  can  have  combinations  of  functions  AZ,  EL,  and  DME. 

• The  ECONAV  is  also  available  on  a separate  channel. 

The  channel  plan  is  generally  subdivided  as  follows: 

• Basic  angle  services  of  5000  to  5124  MHz 

• D.ME  air-to-ground  service  of  5188  to  5250  MHz 

• Flare  and  tactical  service  available  at  15,408  to  15,588  MHz 

• Reference  diversity 

• Beamport  antenna 

• Modal  antenna 

Doppler  arrays  are  usually  of  two  generic  types,  commutated  and  beamport.  The  commutated  antennas  are 
scanned  bidirectionally.  The  beamports  generate  an  Identical  signal  in  space  through  the  use  of  phase 
shifting  techniques.  The  two  types  of  Doppler  arrays  are  fully  Interoperable. 
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8.3  GROUND-DERIVED  MLS 

The  French  and  F.R.G.  MLS  designs  are  both  ground-derived  systems  144].  Figure  8.18  shows  the  common 
features  of  these  systems.  The  position  of  the  aircraft  la  measured  from  the  ground  and  then  transmitted 
back  via  an  appropriate  data  link.  Such  a system  Is  also  capable  of  providing  aircraft  position  directly 
to  ATC  for  surveillance  functions,  as  Indicated  In  the  figure. 

Ground-derived  systems  can  use  various  signal  design  and  processing  techniques.  Systems  differ  mostly 
upon  the  user  access  procedure  employed,  either  time-ordered  access  (the  French  approach)  or  random  access 
(the  F.R.G.  approach).  Time-ordered  access  systems  Invoke  scheduling  by  the  ground  station,  wherein  each 
aircraft  Is  Individually  addressed  In  turn.  Range  Is  used  as  the  criteria  for  sequencing  users  via  the 
data  uplink.  Random-access  systems  work  on  a cycle  Initiated  by  each  Individual  aircraft  (similar  to  pre- 
sent DME)  and  not  synchronized  to  other  aircraft  using  the  same  facility.  Thus,  aircraft  Interrogations 
occur  randomly  at  the  ground  receiver.  The  ground  station  retransmits  each  of  these  with  a known  fixed 
time  delay.  Each  aircraft  receives  all  retransmissions,  occurring  randomly,  out  of  which  It  selects  Its 
own  reply,  after  an  Initial  acquisition  process. 

In  either  approach,  on  receipt  of  the  aircraft  signal  the  ground  system  measures  the  azimuth  and  elevation 
angles.  These  measurements  are  then  transmitted  via  the  data  uplink  or  on  the  Interrogation  reply.  On- 
board the  aircraft,  the  uplinked  angles  are  read,  and  the  timing  of  uplink  Is  used  to  measure  the  two-way 
range  of  the  aircraft. 

The  F.R.G.  ground-derived  angular  measurement  technique  uses  Interferometer  processing  methods.  A recep- 
tion technique  that  Is  the  Inverse  of  the  Doppler  signal  transmission  concept  of  alr-derlved  systems  may 
also  be  used.  At  this  stage,  France  has  not  determined  which  processing  technique  It  will  use. 

The  range  measurement  In  both  approaches  Is  based  on  two-way  range,  and  It  Is  an  Integral  part  of  the 
angle  system. 

8.3.1  FRENCH  MLS  CONCEPT.  The  French  MLS  program  Is  part  of  an  Integrated  ATC  surveillance,  navigation, 
and  landing  system  and  Is  In  the  conceptual  stage  [45].  The  design  and  experimental  work  has  been  malnlv 
on  an  ATC  L-band  data  link.  The  concept  Is  to  transmit  a narrow-band  CW-PSK  modulation  on  a C-band  down- 
link that  serves  as  the  signal  for  angle  measurement.  For  the  uplink,  L-band  channels  within  the  1540-to 
1650-MHz  band  are  advocated.  Two  hundred  channels  with  a total  width  of  250  MHz  are  being  considered  for 
the  C-band  link. 

Figure  8.19  shows  the  uplink  and  downlink  message  formats,  each  80  bits  long  with  a duration  of  4 ms. 

Each  aircraft  has  a unique  address,  which  enables  It  to  Identify  the  message  directed  to  It,  The  uplink 
also  contains  the  address  of  the  next  aircraft  to  be  Interrogated  by  the  ground  station.  The  position  In- 
formation derived  by  the  ground  may  be  transmitted  In  either  polar  coordinates  or  Cartesian  coordinates. 
Frame  check  sequence  (FCS)  Is  Included  In  the  uplink  for  validation. 

The  ground  station  Initiates  comnands  to  the  aircraft  through  the  uplink;  the  aircraft  replies  In  the  re- 
quested mode.  Thus,  the  aircraft  acts  as  a transponder  for  range  measurement.  Angular  measurements  are 


Figure  8.18  Ground-Derived  MLS 
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Figure  8.19  French  MLS  Message  Format 


derived  from  the  downlink  signals  received  by  the  azimuth  and  elevation  sensor  arrays.  The  computed 
angles  are  uplinked  to  the  aircraft  20  ms  after  the  initial  request  by  the  ground. 

The  first  part  of  the  dovmllnk  message  of  Figure  8.19  is  used  for  angle  measurement.  This  is  followed  by 

the  aircraft  and  ground  station  addresses.  The  optional  data  part  of  the  message  may  be  used  for  re- 

quested ATC  services  or  to  respond  to  ATC  ground-to-air  messages.  A bit  rate  of  19.2  kbps  is  used  on  both 
uplink  and  downlink.  In  the  integrated  surveillance  and  landing  system,  France  proposes  a second  uplink 
for  ATC  messages.  The  ATC  uplink  would  also  have  a data  rate  of  19.2  kbps.  The  two  uplinks  are  TDM  on 

the  same  frequency  channel,  resulting  in  a net  data  rate  of  38.4  kbps. 

Forty-eight  aircraft  can  be  simultaneously  handled  by  the  French  design  at  a 5-Hz  data  rate.  Moie  air- 
craft can  be  acconnsodated  at  lower  data  rates.  A variable  mix  of  data  rates  may  be  used. 

As  discussed  briefly,  aircraft  acquisition  or  access  to  the  system  is  an  important  design  issue.  Of  the 
two  versions  being  considered,  the  integrated  version  uses  the  ATC  data  link,  while  the  other  simpler 
version  uses  a single  transmitter  aboard  the  aircraft  as  a transponder  beacon  for  landing  guidance  as  well 
as  for  other  ATC  and  navigation  purposes.  In  the  Integrated  version,  each  aircraft  requests  service  from 
ATC  on  the  downlink.  An  address  Is  uplinked  to  the  aircraft  via  ttie  ATC  data  link  indicating  the  assigned 
data  rate  and  the  systematic  delay  scheduled  between  tlie  ground  response  and  the  next  aircraft  transmis- 
sion. The  aircraft  is  thus  engaged.  In  the  simple  version,  the  aircraft  listens  in  on  tlie  ground  trans- 
missions to  intercept  a vacant  time  slot,  and  then  uses  the  available  address.  In  the  next  ground  inter- 
rogation it  replies  on  the  received  address.  The  time  slot  is  then  declared  engaged  by  the  ground 
station. 

Preliminary  ground  equipment  characteristics  include  AZ  sensor  apertures  of  6 to  12  feet  and  an  EL-1 
height  of  6 feet.  The  horizontal  coverage  for  both  is  *45®,  the  vertical  coverage  for  both  is  0 to  20®, 
The  design  range  is  30  miles.  No  EL-2  is  being  considered;  continued  use  of  radio  altimeter  for  flare  is 
proposed  instead.  Range  accuracy  of  tlie  system  is  expected  to  be  about  *30  feet  (1  o).  This  is  expected 
to  be  achievable  with  a 200-KHz  uplink  and  a 400-KHz  dovmlink  assigned  to  the  previously  discussed  data 
format . 


8.3.2  F.R.G.  DLS.  The  F.R.G.  ground-derived  system  is  called  DLS  (DMF  based  Landing  System).  The  system 
originated  from  the  military  SETAC  and  ORTAC  programs  (43).  Altliough  ground  derived,  the  system  philos- 
ophy is  for  the  pilot  to  maintain  responsibility,  witli  the  ground  station  serving  only  as  an  automatic 
signal  processor  and  transponder. 

DME  Is  the  main  ICAO  ranging  aid  used  for  enroute  navigation  [46].  It  is  also  part  of  the  military  TACAN 
system,  which,  in  addition  to  range,  supplies  bearing  information.  Since  there  are  20  DMK  ctiannels  as- 
signed for  ILS,  the  F.R.G.  proposes  using  these  together  with  19  other  channels  available  for  national  use 
in  each  country.  These  39  channels  will  be  doubled  when  tlie  new  30-kllz  spacing  is  Introduced,  resulting 
in  78  available  channels  versus  the  200  channels  proposed  by  SC-117. 

The  airborne  part  of  the  DMF,  called  an  interrogator,  is  a transmitter  and  receiver.  The  ground  station 
operates  as  a transponder.  The  ranging  waveform  is  a pair  of  3.6  us  pulses;  channel  barJwidths  are  1 MHz, 
The  aircraft  interrogation  rate  is  random.  The  ground  transponder  Is  simply  a repeater  that  returns  the 
received  waveform,  albeit  with  a frequency  offset  of  63  MHz  and  a time  delay  of  30  us. 

The  DLS  system  is  essentially  an  add-on  to  the  existing  DMF,  both  Interrogator  and  transponder.  On  the 
ground,  AZ  and  EL  sensor  arrays,  shown  in  Figure  8.18,  are  installed  in  addition  to  the  omnidirectional 
DME  antenna.  The  interrogation  waveform  received  by  these  arrays  is  processed  to  compute  the  angles  of 
the  Interrogator.  The  computed  AZ,  EL-1 , and  EL-2  angles  are  retransmitted  by  the  transponder  in  a pulse 
position  code  by  adding  three  additional  pulse  pairs  to  every  response. 

The  airborne  receiver  acquires  the  nominal  DME  relay  with  the  standard  DME  search  procedure  (46),  Follow- 
ing that,  the  airborne  unit  acquires  the  angle  pulses.  The  basic  DLS  waveforms  are  shown  in  Figure  8.20, 
The  first  pulse-pair  is  the  normal  DME  reply.  The  second  pulse-pair  Is  transmitted  after  a delay,  T^Zf 
which  is  proportional  to  the  received  azimuth  angle.  The  delay  between  the  first  and  third  pulse-pairs, 
Tel-1*  proportional  to  EL-1  elevation  angle.  Finally,  the  EL-2  flare  signal  is  sent  on  a fourth 
pulse-pair. 

In  standard  DME,  the  RF  phase  of  the  two  pulses  is  not  used  for  modulation.  In  DLS,  the  phase  of  the 
second  pulse  is  coded  into  four  levels,  *90®  and  *180®,  This  differential  phase  ceding  is  being  consid- 
ered for  general  data  transmission  for  both  uplink  and  downlink  and  also  for  station  address.  The  ground- 
station  address  capability  allows  cochannel  operation. 
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Figure  8.20  F.R.G.  DLS  Signals 


For  AZ,  either  a circular  ground  array  with  360-degree  coverage  or  two  linear  arrays  at  right  angles  Is 
used.  For  EL-1  and  EL-2,  a collocated  horizontal  and  vertical  array  Is  used.  The  horizontal  array  Is 
similar  to  the  AZ  array.  The  signals  from  these  two  arrays  are  combined  to  give  the  EL-1  angle.  For 
flare,  the  F.R.G.  follows  Che  Australian  concept  of  Figure  8.5,  deriving  the  flare  angle  from  the  same 
array  as  EL-1.  The  DLS  antenna  apertures  are  relatively  smaller  than  the  other  designs.  At  L-band,  be  th 
the  horizontal  and  vertical  apertures  are  10  wavelengths.  DLS  designers  claim  the  resulting  accuracy 
against  multipath  will  be  better  than  ILS  by  a factor  of  ten.  Further  experimental  work  Is  being  done  to 
validate  these  predictions. 
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SUMMARY 


The  Federal  Aviation  Administration  of  the  United  States  is  bringing  digital  Radar  Data  Processing 
(RDP)  into  operation  in  its  twenty  Air  Route  Traffic  Control  Centers  (ARTCCs)  In  the  contiguous  states. 
More  than  half  of  the  Centers  are  operational  with  RDP  now,  and  all  are  scheduled  to  be  operational  by 
fall  of  1975.  The  system  has  been  extensively  tested,  its  performance  measured,  and  standards  established 
for  system  performance.  This  paper  describes  the  functions  of  primary  and  secondary  surveillance  radar 
target  detection,  and  the  processing  of  target  data  in  the  central  computer  at  the  ARTCC.  The  latter  In- 
cludes filtering  the  data,  conversion  to  common  coordinates,  correlation  with  automatic  tracks,  track 
smoothing  and  prediction  in  several  modes,  and  measurement  of  data  quality  In  real  time.  Data  on  measured 
system  performance  are  given,  and  the  paper  concludes  with  a short  description  of  current  efforts  to  Im- 
prove system  performance. 


INTRODUCTION 


Figure  1 Is  a simplified  block  diagram  of  the  RDP  system.  Video  data  from  pre-existing  types  of  long- 
range  (and  one  short-range)  primary  and  secondary  surveillance  radars  are  Input  to  the  Common  Digitizer 
(CD),[l]  which  processes  the  input  video  and  transmits  detected  targets  In  digital  messages  to  one  or  more 
ARTCCs  and,  from  some  sites,  to  military  users.  The  Weather  and  Fixed  Map  Unit  detects  the  outlines  of 
weather  cells  at  two  levels  of  Intensity  and  gives  them  to  the  CD  for  transmission,  and  generates  signals 
to  the  CD  to  cause  blanking  In  manually  selected  areas. 

The  computer  in  the  ARTCC,  an  IBM  model  9020A  or  9020D, [2] accepts  digital  data  from  many  radars,  up 
to  a design  limit  of  fourteen.  The  computer  converts  the  data  to  a common  coordinate  system,  monitors 
the  quality  of  the  input  data,  automatically  tracks  data  of  interest  to  Air  Traffic  Control,  responds  to 
controller  entries,  and  sends  the  combined  data  to  the  display  system. 

Testing  of  this  system  began  In  1969,  with  an  early  Model  of  the  enroute  ATC  system.  This  Model, 
which  used  an  Interim  display  system,  was  installed  at  the  National  Aviation  Facilities  Experimental 
Center  and  at  the  Jacksonville,  Florida,  ARTCC.  The  RDP  system  was  subjected  to  extensive  testing  [3,  4, 

S]  and,  with  refinements,  became  the  national  system  that  Is  now  nearing  completion.  The  test  methodology 
for  Implementation  of  the  national  system  [6,  7j  was  developed  from  the  Jacksonville  experience. 

This  paper  describes  the  functions  performed  In  the  Common  Digitizer  and  In  the  computer.  The  per- 
formance of  digital  target  detection  and  the  computer  processing,  as  measured  on  operational  equipments. 

Is  given  following  each  functional  description.  It  Is  assumed  the  reader  is  already  familiar  with  Primary 
and  Secondary  Surveillance  Radar  operation  and  terminology. 

TARGET  DETECTION 


There  are  two  models  of  Common  Digitizer:  the  AN/FYQ-47  and  AN/FYQ-49.  (There  is  also  one  Common 

Digitizer  designated  AN/FYQ-56,  a modified  AN/FYQ-49  that  processes  data  from  the  one  short-range  radar 
in  the  enroute  ATC  system.)  The  AN/FYQ-49  contains  all  the  basic  aircraft  target  detection  and  reporting 
functions,  and  Is  used  by  the  FAA  at  FAA-only  radar  sites.  The  AN/FYQ-47  contains  additional  functions 
for  military  use  that  will  not  be  described  here.  The  AN/FYQ-49  Is  organized  Into  the  following  equip- 
ment groups: 

Azimuth.  Range,  and  Timing  Group:  provides  basic  range  and  azimuth  data.  As  normally  configured. 

It  accepts  azimuth  change  and  reference  pulses  from  the  antenna  pedestal,  accepts  radar  pre- 
triggers from  the  PSR,  and  generates  the  Interrogation  triggers  for  the  SSR. 

Radar  Quantizer  Group;  contains  two  units  that  accept  PSR  analog  video  and  convert  It  to  digital 
pulses  for  further  processing. 

Beacon  Reply  Group:  accepts  SSR  analog  video,  quantizes  It,  and  detects  and  processes  the  reply 

codes. 

Target  Detection  Group;  performs  statistical  target  detection  on  data  supplied  by  the  Radar  Quantizer 
and  Beacon  Reply  Groups. 

Target  Processing  Group;  controls  the  processing  of  data  for  detected  targets. 

Output  Buffer  Group:  selects  and  formats  output  messages  and  buffers  them  In  core  memory  for  output. 

Memory  Control  Group;  contains  the  core  memory. 

Test  Target  Generator.  Map  Outline  Generator.  Performance  Monitor  Group,  and  Simplex  Patching  Group: 
self-descriptive . 


The  following  text  is  a functional  description  of  processing  that  occurs  primarily  in  the  Radar  Quan- 
tizer, Beacon  Reply,  and  Target  Detection  Groups. 

Primary  Surveillance  Radar  Target  Detection 

Figure  2 is  a simplified  block  diagram  of  the  PSR  target  detection  process. 

Two  identical  quantizers  are  used;  one  for  Moving  Target  Indicator  video,  and  one  for  log  video.  Each 

is  a single-level  quantizer,  producing  either  ONE  or  ZERO  for  each  1/4  nm  increment  in  range.*  A Hit  Width 

Discriminator  prevents  multiple  range  reporting  of  single  targets  by  applying  a preset  value  matched  to  the 

pulse  width  of  the  radar  to  suppress  runs  of  ONEs  out  of  the  quantizers. 

A slow  feedback  loop  compensates  for  thermal  noise  drift  by  comparing  the  proportion  of  ONES  over  a 
total  sweep  to  a manually-entered  percent  noise  setting,  and  adjusting  the  quantization  threshold.  A fast 
feedback  loop  was  provided  with  the  machine  to  adjust  the  quantization  threshold  for  clutter  cells,  but 
this  function  was  disabled  as  a result  of  testing,  and  the  logic  has  been  converted  to  use  as  a clutter 
sensor.  [8] 

The  clutter  sensor  selects  the  MTI  or  log  quantizer  output  for  further  processing.  (There  are  also 
manual  switches  to  set  up  areas  in  which  MTI  is  unconditionally  selected.)  The  clutter  sensor  counts  ONEs 
out  of  the  log  video  quantizer  in  a region  5 range  cells  deep  centered  on  the  cell  of  interest,  and  3 sweeps 
wide.  When  the  number  of  ONEs  in  the  window  exceeds  5,  MTI  quantized  video  is  selected.  When  the  number 
of  ONEs  drops  back  to  2,  log  quantized  video  is  selected.  This  logic  has  been  demonstrated  [83  to  improve 
target  detection  by  reducing  the  use  of  MTI  video  to  regions  of  actual  clutter,  as  compared  to  the  grosser 
control  provided  by  the  manual  switches.  In  addition,  by  making  the  logic  adaptive  the  modification  reduces 
the  need  for  operator  intervention. 

Whenever  the  clutter  sensor  is  selecting  MTI  for  the  target  detector,  all  outputs  of  the  detector  are 
tagged  as  being  in  Zone  3.  The  use  to  which  this  is  put  and  the  origin  of  the  "Zone  3"  terminology  will 
be  described  later. 

The  CD  uses  a sliding  window  target  detector.  There  are  1,000  range-ordered  sliding  windows,  provid- 
ing 250  or  500  nm  range  depending  on  the  width  of  the  range  cells.  The  window  length  is  variable  from  10 
to  17  sweeps,  with  the  value  adjusted  to  match  the  beam  width  of  the  individual  radar.  Eacti  window  is 
moved  from  core,  shifted  one  bit,  and  loaded  with  the  quantizer  output  in  range  synchronization  with  the 
radar  sweep.  A target  START  is  declared  when  the  number  of  ONEs  in  a window  reaches  the  Leading  Edge 
Threshold,  Tl.  At  that  time  the  signal  leading  edge  position  within  the  range  cell  is  noted  to  permit  tar- 
get reporting  to  accuracy  of  half  a range  cell.  The  start  azimuth  is  stored  in  units  of  4,096ths  of  a 
circle,  called  Azimuth  Change  Pulses,  or  ACPs.  When  the  number  of  ONEs  drops  to  the  Trailing  Edge  Thres- 
hold, Tx,  target  STOP  is  declared,  and  the  stop  azimuth  is  averaged  with  the  start  azimuth  to  give  the 
reported  azimuth. 

The  thresholds  can  be  raised  by  the  Automatic  Clutter  Eliminator,  or  ACE,  to  suppress  false  target 
reports  in  clutter  regions.  The  ACE  sums  the  ONEs  in  eight  sliding  windows:  the  cell  of  Interest,  the 

four  preceding  cells,  and  the  three  following.  The  sura  is  input  to  a function  generator  that  provides  a 
raised  Tl  and  Tx  to  the  detector.  There  are  three  switch-selectable  function  generator  curves  giving  nom- 
inal probabilities  of  false  alarm  of  10"^,  10"5,  or  10“6. 

The  final  step  in  target  detection  is  run  length  discrimination,  wliich  rejects  targets  less  than  a 
minimum  or  greater  than  a maximum  run  length.  (Run  length  is  the  difference  between  target  start  and  stop 
azimuths.)  The  run  length  criteria  are  switch-selectable  in  two  zones  separated  by  a switch  selected  range. 
As  built,  the  CD  had  three  zones.  In  the  modified  CD,  the  minimum  run  length  discrimination  zones  are 
altered  to  permit  Zones  1 and  2 to  encompass  the  full  range  of  the  radar,  while  Zone  3 becomes  a floating 
area  declared  to  exist  whenever  the  clutter  sensor  is  set.  The  data  count  within  Zone  3 is  accumulated  for 
an  entire  360°  radar  scan  and  used  as  the  measure  to  adjust  the  minimum  run  length  discrimination  threshold 
for  the  succeeding  scan.  The  data  rate  boundaries  are  32  messages  per  scan  to  decrease  the  threshold,  and 
64  to  Increase  it.  The  threshold  shows  a tendency  toward  values  near  18  ACPs.  This  adaptive  logic  permits 
the  use  of  a higher  probability  of  false  alarm  setting  in  the  ACE,  thus  Improving  system  sensitivity  in 
clutter  and  reducing  the  areas  in  which  ACE  raises  Tl  to  values  greater  than  the  width  of  the  sliding  win- 
dow (thereby  preventing  the  detection  of  any  targets),  while  restricting  the  total  data  count  to  values 
manageable  by  the  rest  of  the  system  by  discarding  targets  of  short  run  length  that  are  least  likely  to  be 
valid. 

PSR  target  reports  are  output  by  the  CD  in  messages  containing  the  azimuth  In  ACPs,  the  range  in  units 
of  1/8  nm,  the  run  length  in  units  of  2 ACPs,  and  the  time  the  report  spent  in  storage  before  transmission, 
as  well  as  control  and  parity  bits. 

The  measured  performance  of  this  system  [9]  is  tabulated  below.  All  measures  are  taken  within  the 
coverage  envelope  of  the  radar  as  commissioned  in  the  pre-existing  non-digital  system,  and  in  clutter-free 
areas.  The  reason  for  the  latter  restriction  is  that  no  acceptable  method  of  quantifying  clutter  intensity 
and  assuring  comparability  of  results  at  different  sites  has  been  developed. 

Blip/scan  ratio  (proportion  of  scans  in  which  target  is  detected) : at  least  91% 

Range  accuracy:  1/8  nm,  one  standard  deviation 

Azimuth  accuracy:  2 ACPs  (0.176°)  one  standard  deviation 


* The  CD  can  also  be  set  up  with  1/2  nm  quantization,  which  has  the  effect  of  doubling  the  maximum  range 
of  the  system  while  halving  the  detection  resolution. 
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Secondary  Surveillance  Rp.dnr  Detection 

SSR  target  detection  Is  s-oriowhac  simpler  than  PSR  target  detection,  as  there  are  no  clutter  sensing, 
clutter  elimination,  oi'  run  length  discrimination.  The  single  quantizer  accepts  only  those  pulses  that 
meet  fixed  amplitude  and  pulse  width  criteria  and  sends  them  through  a shift  register.  Gates  are  used  to 
sample  two  points  separated  by  the  time  between  the  framing  pulses  aiid,  when  they  appear,  generate  a bracket 
pulse. 

The  bracket  pulse  Initiates  reply  code  sampling  at  the  taps  of  the  shift  register.  Modes  2,  3/A,  and 
C codes,  as  well  as  SPI  and  Y.  pulses  are  decoded  and  Included  In  target  report  messages  to  the  ARTCC.  The 
bracket  pulse  also  Initiates  the  garble  sensing  logic,  that  checks  closely-spaced.  Interleaved,  and  over- 
lapped replies  for  garble  conditions. 

Mode  3/A  bracket  detections  cause  ONEs  to  be  loaded  Into  eleven-bit  sliding  windows  that  are  distinct 
from  those  used  for  PSR  target  detection.  The  sliding  windows  are  shifted  on  Mode  3/A  Interrogation  cycles 
only.  The  mode  interlace  Is  normally  Mode  A,  C,  A,  C,  or  Mode  A,  2,  A,  C.  Fixed  Tl  and  Tp  are  used;  typical 
values  are  6 and  2. 

SSR  codes  are  subject  to  validation  when  the  count  In  the  sliding  window  reaches  the  Validation  Thres- 
hold, Tv,  which  Is  typically  set  one  higher  than  Tp.  if  two  successive  ungarbled  replies  of  the  same  mode 
and  code  are  received,  the  code  Is  validated  for  that  mode  and  Is  so  identified  In  the  output  message.  If 
validation  Is  unsuccessful,  the  last  ungarbled  code  received  is  included  in  the  output  message.  If  all 
codes  are  garbled,  the  code  field  for  that  mode  will  contain  all  ze^ns. 

When,  as  Is  the  usual  case,  a single  aircraft  Is  detected  as  both  an  SSR  and  a PSR  target,  the  CD  will 
report  only  the  SSR  target  and  will  set  the  "reinforced"  bit  in  the  output  message.  This  condition  is  de- 
clared to  exist  if  SSR  and  PSR  targets  in  the  same  range  cell  overlap  In  azimuth  between  target  starts  and 
stops. 

The  measured  performance  of  Che  system  within  4/3  Earth  radius  coverage  Is  as  follows:  [9^ 

Blip/scan  ratio:  at  least  952 

Range  accuracy:  1/8  nm,  one  standard  deviation 

Azimuth  accuracy:  3 ACPs  (0.264°),  one  standard  deviation 

Mode  3/A  code  reliability  (proportion  of  returns  witli  correct  code):  at  least  94% 

Mode  C code  reliability;  at  least  93% 

PROCESSING  IN  THE  CENTRAL  COMPUTER 


The  central  computer  complex  at  the  AKTCC  accepts  data  from  a number  of  CDs  ranging  from  a low  of  three 
at  New  York  to  high  of  eleven  at  Salt  Lake  City,  with  a design  limit  of  fourteen.  To  reduce  the  process- 
ing load  on  the  computer,  the  first  step  In  processing  is  to  apply  a polar  coordinate  mask  to  the  entering 
data  and  discard  all  target  reports  from  far  outside  the  Center  airspace  boundaries  or  in  areas  of  multiply 
overlapped  coverage. 

The  chosen  approach  to  multiple  radar  data  processing  is  to  combine  the  data  from  all  the  radar  sites 
Into  a single  cartesian  coordinate  plane  before  any  further  processing.  The  obvious  alternative  would  be 
to  process  and  track  data  on  a single-site  basis,  and  then  to  pool  data  only  when  needed,  as  for  example 
for  display.  The  advantages  of  the  chosen  method  are; 

No  complicated  logic  is  required  to  track  an  aircraft  passing  from  one  site's  coverage  to  another's. 

The  quality  of  automatic  tracking  Is  Improved  by  the  availability  of  data  from  supplementary  sites  to 
fill  in  occasional  data  misses  from  the  preferred  site. 

When  a radar  site  goes  down,  data  from  other  sites  are  immediately  available  to  fill  In  the  coverage. 

Since  only  one  coordinate  system  is  used  for  all  processing.  Including  flight  plan  data,  many  operations 
are  simplified.  For  example,  track  positions  are  transmitted  computer-to-computer  during  Interfacility 
handoff  of  control.  The  process  would  be  greatly  complicated  If  each  facility  had  multiple  coordinate 
systems. 

The  common  coordinate  system  uses  the  stereographic  projection  from  the  surface  of  the  earth  to  a 
plane  tangent  to  the  earth.  Radar  data  are  converted  from  polar  coordinates  with  origin  at  the  radar  site 
to  a stereographic  plane  tangent  at  the  radar  location,  and  transformed  from  the  radar  plane  to  the  system 
plane  that  Is  tangent  at  a point  central  to  all  the  radars.  The  coordinates  are,  lastly,  translated  from 
an  origin  at  the  point  of  tangency  to  anorlgln  at  the  lower  left,  so  that  all  data  will  fall  In  an  area  of 
the  first  quadrant  no  greater  than  1024  x 1024  nm. 

The  stereographic  projection  was  chosen  over  alternatives  such  as  the  Lambert  Conformal  and  Gnomonlc 
projections  because  Its  total  error  In  conversion  and  transformation  is  less.  Stereographic  projection 
has  the  property  that  angles  are  preserved  but  distances  are  not.  For  projecting  areas  of  the  earth's 
surface  of  the  size  that  are  of  Interest  In  radar  data  processing,  the  worst  case  total  projection  errors 
are  well  under  1/2  nm.  The  projection  equations,  a discussion  of  the  errors,  and  a large  bibliography  can 
be  found  In  Reference  10. 

The  next  section  outlines  the  processes  of  correlating  and  tracking  data  of  interest  to  Air  Traffic 
Control,  and  the  succeeding  section  discusses  the  process  of  real  time  quality  control  of  radar  data. 
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Correlation  and  Tracking 

Automatic  tracking  of  radar  data  is  Initiated  through  operator  Input  or  automatically  upon  receipt  of 
a discrete  code*  matching  that  assigned  to  a flight  plan  In  the  computer  storage.  Once  a track  Is  started, 
there  are  two  processes  performed:  correlation,  which  Is  the  Identification  of  which  target  reports  belong 

to  which  tracks,  and  tracking,  which  Is  the  process  of  smoothing  the  track  position  and  velocity  and  pre- 
dicting the  future  position  of  the  track  for  the  next  correlation.  The  correlation  process  is  done  once 
each  second  as  data  are  received  but  tracking  operates  once  every  six  seconds.  The  Interval  between  opera- 
tions of  the  tracker  is  called  a subcycle;  two  subcycles  make  a full  cycle.  As  will  be  seen,  certain 
operations  are  performed  only  In  the  second  subcycle. 

The  system  plane  is  divided  into  a rectangular  array  of  16  x 16  nm  Radar  Sort  Boxes.  An  ordered  set 
of  registers  In  core  memory  contains  Information  on  each  Radar  Sort  Box  identifying  one  or  two  radar  sites 
Preferred  for  coverage  in  that  box,  one  site  to  be  used  for  Supplementary  coverage,  and  the  sites  to  be 
used  in  the  event  one  of  the  former  sites  should  fall.  A target  report  will  be  subject  to  further  process- 
ing only  if  it  falls  in  a Radar  Sort  Box  for  which  its  radar  site  of  origin  is  Preferred  or  Supplementary. 

A congruent  array  of  Track  Sort  Boxes  is  offset  one-half  box  width  in  each  direction  from  the  Radar 
Sort  Box  array.  Thus,  each  Radar  Sort  Box  is  overlapped  by  four  Track  Sort  Boxes.  A target  report  is  a 
candidate  for  correlation  with  tracks  in  the  Track  Sort  Boxes  that  overlap  Its  Radar  Sort  Box. 

At  the  time  of  coordinate  conversion  from  polar  to  stereographic  coordinates,  all  target  reports  are 
corrected  for  slant  range  error.  If  a target  report  contains  a validated  Mode  C code,  it  is  given  an  exact 
slant  range  correction.  If  not,  it  is  first  given  an  approximate  correction  and  then  successive  tries  at 
exact  correction  as  it  is  compared  with  tracks  for  which  the  altitude  is  known  by  other  means.  Similarly, 
each  return,  as  it  is  compared  against  successive  tracks,  is  displaced  at  the  track  velocity  to  a reference 
time  at  the  middle  of  the  current  tracking  subcycle. 

Correlation  is  done  in  two  modes:  discrete  code  and  standard.  Procedures  ensure  that  only  one  air- 

craft in  a Center's  airspace  will  be  assigned  a given  discrete  Mode  3/A  code.  Therefore,  a match  between 
a received  and  a stored  assigned  discrete  code  gives  high  assurance  of  proper  identity  and  the  correlation 
logic  can  be  simpler. 

The  search  areas  for  standard  correlation  are  illustrated  in  Figure  3.  The  primary  search  area  is  a 
filter  applied  before  exact  slant  range  and  time  corrections  to  quickly  reject  target  reports  certain  to 
be  outside  the  large  search  area.  Each  target  report  is  identified  as  in  the  Large  .Search  Area,  in  the 
Small  Search  Area,  or  uncorrelated. 

Discrete  correlation  omits  the  primary  search  area  check  and  goes  directly  to  compare  the  track-datum 
deviation  against  small  and  large  search  area  radiuses  of  1 and  6 nm,  respectively. 

Clearly,  the  search  area  determination  will  not  resolve  cases  of  ambiguity  involving  same-code  non- 
discrete SSR  reports,  wrong-code  discrete  SSR  reports,  and  PSR  reports,  where  tracked  aircraft  aie  near  one 
another  or,  worse,  an  untracked  aircraft's  path  crosses  that  of  a tracked  aircraft.  To  resolve  ambiguity 
and  give  a figure  of  merit  for  later  use,  a Correlation  Preference  Value  is  calculated  for  each  track-target 
report  pair.  Ordered  from  best  to  worst,  the  Correlation  Preference  Values  are: 


Radar  Datum  Class 

Track  Class 

Condition 

1. 

Mode  3/A  SSR  Datum, 
Preferred  Radar 

Beacon 

Received  Code  = Assigned  Code 

2. 

Mode  3/A  SSR  Datum, 
Supplementary  Radar 

Beacon 

Received  Code  = Assigned  Code 

3. 

Mode  3/A  SSR  Datum, 
Preferred  Radar 

Beacon 

Received  Code  = Established  Code 

4. 

Mode  3/A  SSR  Datum, 
Supplementary  Radar 

Beacon 

Received  Code  = Established  Code 

5. 

Mode  3/A  SSR  Datum 
Preferred  Radar 

Beacon 

Received  Code  ^ Assigned  or 
Established  Code  or  is  unvalldated 

6. 

Mode  3/A  SSR  Datum 
Supplementary  Radar 

Beacon 

Received  Code  ^ Assigned  or 
Established  Code  or  is  unvalldated 

7. 

PSR  Datum,  Preferred  Radar 

Beacon  or  Primary 

Run  length  > 18  ACPs 

8. 

PSR  Datum,  Supplementary 
Radar 

Beacon  or  Primary 

Run  length  2 18  ACPs 

9. 

PSR  Datum.  Preferred  Radar 

Beacon  or  Primary 

Run  length  <18  ACPs 

10. 

PSR  Datum,  Supplementary 
Radar 

Beacon  or  Primary 

Run  length  <18  ACPs 

* A Mode  3/A  code  that  does  not  end  in  00. 
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Track  Class  is  determined  by  operator  entry  indicating  whether  or  not  the  aircraft  is  transponder 
equipped.  Note  that  SSR  data  cannot  be  correlated  with  Primary  Class  tracks.  A Mode  3/A  SSR  code  becomes 
Established  for  a track  if  in  three  consecutive  cycles  the  same  code  appears  in  the  correlated  target  report. 

If  an  ambiguity  cannot  be  resolved  by  application  of  Correlation  Preference  Values,  the  report  closest 
to  the  track  is  selected.  To  prevent  erroneous  correlation  on  false  PSR  target  reports  from  clutter,  a 
clutter  detection  logic  is  part  of  the  correlation  process.  Counts  are  maintained  of  the  number  of  PSR 
returns  within  the  large  search  area  of  the  track  and,  if  thresholds  are  exceeded,  correlation  with  PSR 
data  will  be  partially  or  wholly  suppressed. 

On  completion  of  correlation,  once  a second,  the  correlated  target  reports  and  all  uncorrelated  Preferred 
target  reports  are  output  to  the  display  system.  Data  on  the  correlated  reports  are  saved  for  use  in  the 
next  operation  of  the  tracker.  If  in  a subsequent  operation  of  the  correlation  process  within  the  same 
tracking  subcycle,  a better  (lower  Correlation  Preference  Value  or  closer)  target  report  is  correlated  with 
a track,  the  new  report  replaces  the  older  as  the  correlated  datum,  and  the  old  report  is  reprocessed  for 
possible  correlation  with  other  tracks  if  it  was  originally  correlated  by  standard  correlation. 

The  tracker  operates  each  six  seconds,  following  an  operation  of  the  correlation  process.  Technically, 
it  is  a modified  bl-modal  second  order  o~p  tracker,  the  two  modes  being  determined  by  small  and  large  search 
area  correlation.  When  correlation  is  in  the  small  search  area,  the  target  is  presumed  to  be  going  in  a 
straight  line,  and  relatively  heavy  smoothing*  is  applied.  Large  search  area  correlation  indicates  an  ac- 
celerating target,  and  lighter  smoothing  is  done.  Small  search  area  eiaouthlng  is  done  each  subcycle,  in 
the  cartesian  coordinates  of  the  system  plane.  Large  search  area  smorthlng  is  done  only  in  the  second  sub- 
cycle and  only  if  the  large  search  area  target  report  has  better  Corr-.:latlon  Preference  Value  than  any  small 
search  area  target  report  correlated  in  the  complete  cycle.  Large  search  area  smoothing  is  done  in  cartesian 
coordinates  rotated  to  the  track  heading. 

Four  sets  of  smoothing  constants  are  used: 

Discrete  code 

Matched  code  (non-discrete  3/A  target  return  with  Correlation  Preference  Value  of  1,  2,  3,  or  A) 
Non-matched  code  (Mode  3/A  target  return  with  Correlation  Preference  Value  of  5 or  6) 

Primary 

Each  set  contains  constants  for  small  search  area  position  and  velocity  smoothing,  and  for  large  search 
area  lateral  and  longitudinal  smoothing  of  position  and  velocity.  A major  product  of  the  testing  effort  was 
the  determination  of  best  values  for  the  smoothing  constants.  The  complete  tracking  equations  are  in 
Reference  11,  and  the  values  of  all  constants  are  in  Reference  12. 

In  addition  to  the  small  and  large  search  area  modes  of  tracking,  there  are  also  flight -plan-aided  and 
free  modes.  The  former  is  considered  the  normal  mode  and  will  be  selected  by  the  system  in  the  absence  of 
an  operator  request  to  the  contrary,  provided  the  track  can  be  "matched"  to  the  flight  plan  route. 

The  flight  plan  route  is  stored  as  a series  of  points  in  the  system  plane.  To  enter  the  flight-plan- 
aided  mode,  the  program  must  be  able  to  match  the  track's  position  and  velocity  to  one  of  the  route  points 
or  to  one  of  the  line  segments  connecting  the  points.  If  this  can  be  done,  the  system  knows  where  the  air- 
craft is  along  its  intended  route  of  flight,  and  will  use  flight  plan  route  segment  speed  and  heading  in- 
stead of  the  smoothed  velocity  for  non-discrete  tracks.  It  will  also  monitor  the  progress  of  the  track 
along  the  route  to  ensure  that  the  matched  condition  continues,  and  to  update  the  time  information  that  is 
stored  with  the  flight  plan  and  make  outputs  to  the  controller  accordingly. 

The  final  action  of  the  tracker  is  to  predict  the  track  from  its  smoothed  position  at  the  smoothed 
velocity  to  the  reference  time  at  the  middle  of  the  next  subcycle,  ready  for  correlation  during  the  coming 
subcycle.  The  smoothed  velocity  is  sent  to  the  display  system,  which  shows  it  as  a vector  originating  at 
the  displayed  position.  Because  radar  separation  is  based  on  target  rather  than  track  position,  the  track 
is  displayed  to  the  controller  as  being  located  at  the  position  of  the  most  recently  correlated  target 
report.  Those  tracks  for  which  there  was  no  successful  correlation  for  two  subcycles  are  displayed  at 
their  predicted  positions. 

Many  aspects  of  the  correlation  and  tracking  processes  have,  necessarily,  been  omitted  from  this  short 
exposition.  Among  these  are  initiation  criteria  and  transients,  exception  processing,  extrapolation  when 
target  reports  are  missing,  and  interfacility  transfer,  as  well  as  the  details  of  the  logic  and  equations. 

The  reader  with  an  Interest  in  these  topics  should  go  to  References  10,  11,  and  12. 

The  performance  of  the  correlation  and  tracking  processes  has  been  measured  with  data  from  operational 
radar  sites  and  is,  therefore,  total  system  performance  measured  from  the  signal  in  space  to  the  air  traffic 
controller.  The  standards  of  performance  applied  to  this  system  [o]  are  listed  below.  For  reasons  given 
earlier,  performance  with  PSR  data  was  measured  only  in  clutter-free  areas. 


* Position  smoothing  is  the  process  of  moving  the  track  from  its  predicted  position  toward  the  position 
of  the  correlated  target  report.  Heavy  smoothing  means  the  track  predicted  position  (which  has  been 
derived  by  averaging  many  previous  target  reports)  is  Judged  more  accurate  than  the  current  report, 
so  the  track  is  moved  a small  part  of  the  distance  to  the  target.  In  light  smoothing,  the  current 
report  is  deemed  more  accurate,  so  the  track  is  moved  further.  Smoothing  is  similarly  applied  to  the 
velocity  estimate. 
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Unassisted  Free  Track  Loss  Rate:  the  frequency  with  which  the  system,  unaided  by  operator  Interven- 

tion, loses  track  Identity,  measured  In  losses  per  track  hour.  The  reciprocal  of  these  figures 
is  the  mean  unassisted  track  life.  In  hours. 

For  discrete  code  tracks,  the  track  loss  rate  Is  essentially  zero.  For  all  others,  the  rate  is 
3.0  losses  per  hour  for  aircraft  making  procedure  turns,  and  0.37  losses  per  hour  for  aircraft 
going  straight. 

Track-Datum  Deviation:  the  99th  percentile  distance  between  the  predicted  track  position  and  the 

correlated  target  report.  For  turning  tracks:  witii  discrete  codes,  99X  of  correlated  reports 

are  within  1.10  nm  of  the  predicted  pos*tlon;  with  non-discrete  codes,  within  1.95  nm;  and  PSR, 
within  2.7  nm.  The  corresponding  figures  for  straight  line  tracks  are  0.95,  1.24,  and  1.7  nm. 

Track-Trail  Swap  Probability:  the  per  cent  of  instances  that  the  tracker  will  follow  the  wrong  tar- 

get trail  when  the  large  search  area  Is  traversed  by  an  untracked  aircraft.  (The  probability 
of  swapping  trails  between  tracked  aircraft  Is  significantly  lower.)  The  swap  probability  for 
discrete  code  tracks  Is  essentially  zero.  For  non-discrete  code  tracks  Intersected  by  aircraft 
transponding  the  same  non-discrete  code,  Che  probability  of  a swap  Is  13Z  in  crossing  cases,  lOZ 
in  overtakes,  and  5Z  In  head-ons.  For  PSR  tracks  Intersected  by  PSR  trails,  Che  probabilities 
change  to  21. 7Z,  16. 7Z,  and  3.2%. 

Real-Time  Quality  Control  of  Radar  Data 

In  addition  to  monitoring  test  and  status  messages  and  total  data  counts  from  the  CDs,  the  computer 

statistically  samples  the  data  to  measure  the  accuracy  of  SSR  and  PSR  collimatlon  at  each  radar  site,  and 

the  accuracy  of  registration  of  data  from  different  sices  after  transformation  to  the  system  plane. 

To  Identify  a collimatlon  error  the  system  must  find  Che  PSR  target  report  Chat  corresponds  to  an 

unreinforced  SSR  target  report  from  the  same  radar  site.  This  Is  done  as  part  of  the  correlation  process. 

Similarly,  to  measure  registration  accuracy  the  system  must  find  target  reports  on  the  same  aircraft  re- 
ported by  different  radar  sites.  This  also  Is  done  in  correlation,  using  discrete  code  target'-.  To 
eliminate  errors  caused  by  slant  range  correction,  both  target  reports  must  contain  mode  C,  and  be  more 
than  20  nm  from  Che  radar  site  at  an  elevation  angle  less  than  8°. 

The  collimatlon  errors  in  range  and  azimuth  are  calculated  when  twenty-five  samples  have  been  collected 
by  the  correlation  process.  In  both  cases,  the  error  Is  presumed  to  exist  in  the  PSR  data.  Range  error 
Is  calculated  as  the  sum  of  the  errors  In  Che  sample  divided  by  the  sum  of  the  sample  size  and  the  number 
of  reinforced  SSR  reports  received  during  the  sampling  Interval.  The  latter  must  be  included  in  the  cal- 
culation since,  of  course,  they  had  near  zero  range  error.  Because  a substantial  azimuth  error,  up  to 
half  the  sun  of  the  beamwldths,  can  exist  In  a reinforced  target  report,  the  azimuth  sample  contains  only 
target  pairs  Chat  are  separated  In  both  azimuth  and  range.  The  azimuth  error  Is  calculated  as  the  sum  of 
the  errors  divided  by  Che  sample  size. 

Registration  error  Is  calculated  for  each  pair  of  radar  sites  with  substantial  overlapping  coverage. 

The  error  is  defined  as  the  mean  difference  In  range  and  azimuth  between  an  assumed  true  target  position 
In  the  system  stereographic  plane  and  the  reported  target  position  In  the  plane.  The  true  target  position 
need  not  be  known  to  compute  the  registration  error.  The  error  Is  computed  for  a particular  site  by  com- 
paring discrete  SSR  target  reports  from  this  site  with  simultaneous  discrete  SSR  target  reports  from  other 
sites  on  the  same  targets.  It  Is  assumed  In  the  mathematical  analysis  that  the  range  and  azimuth  errors 
present  In  a radar  site  are  Independent  of  the  range  of  the  target. 

Figure  4 Illustrates  two  radar  sites  and  the  sampling  of  data  for  analysis.  In  each  calculation  four 
unknowns,  the  range  error  and  azimuth  error  for  each  of  two  sites,  are  to  be  computed.  At  least  ten  sam- 
ples must  be  obtained  In  each  sample  area,  well  separated  from  the  line  connecting  the  sites  to  guarantee 
accuracy.  The  equations  used  for  registration  are  much  too  complex  to  be  presented  In  this  short  survey, 
but  the  interested  reader  will  find  them  in  References  13  and  14. 

Corrections  for  the  calculated  collimatlon  and  registration  errors  can  be  entered  Into  the  computer, 
which  will  apply  them  to  each  target  report  when  converting  from  polar  to  stereographic  coordinates.  How- 
ever, the  preferred  method  of  correction  Is  to  change  and  range  and  azimuth  presets  that  exist  In  the  CD. 
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The  performance  standard  for  collimatlon  and  registration  [9]  permits  a maximum  bias  error  of  1/4  nm 
in  range  and  2 ACPs  in  azimuth  from  each  error  source.  This  yields  a worst  case  error  from  these  sources 
of  3/4  nm  and  6 ACPs  between  PSR  targets  detected  by  different  radars. 


CONCLUSION 


The  radar  data  processing  system  Is  being  used  today  to  control  enroute  air  traffic  in  the  United  States.  I 

Although  this  system  Is  successfully  performing  its  mission,  there  are  several  areas  in  which  Its  perfor- 
mance can  be  Improved.  Among  these  are  PSR  target  detection  In  clutter,  and  SSR  false  targ -t  detection 
and  target  splits.  Many  studies  have  been  done  to  Improve  tracking  performance,  especially  In  support  of 
advanced  system  automation  functions,  such  as  Conflict  Alert,  that  require  accurate  tracking  data.  A few 
of  these  efforts  are  highlighted  below. 


To  Improve  PSR  performance  In  clutter,  a package  of  improvements  to  the  CD  has  been  evaluated  by  the 
Federal  Aviation  Administration  [l5]  . These  improvements  include  an  improved  quantizer  with  new  circuits 
for  thermal  noise  and  clutter  suppression,  and  removal  of  the  cell  of  interest  from  the  Automatic  Clutter 
Eliminator  window  to  prevent  the  presence  of  a target  from  raising  its  own  detection  threshold.  Tests 
show  the  modifications  significantly  Increase  the  CD's  see-through-clutter  capability,  and  field  trials  at 
an  operational  radar  site  will  begin  soon. 
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The  Automatic  Clutter  Eliminator  Is  designed  on  the  assumption  that  weather  clutter  Is  statistically 
uncorrclated  sweep-to-sweep.  There  Is  reason  to  believe  that  this  assumption  Is  Incorrect,  and  develop- 
ment Is  underway  of  an  adaptive  clutter  eliminator  that  will  measure  the  clutter  correlation  coefficient 
In  real  time.  [16] 

Among  Che  other  developments  planned  or  In  progress  is  Che  use  of  a mlni’-computer  associated  with  the 
CD  to  suppress  stationary  and  random  false  reports  by  comparing  PSR  target  reports  scan  to  scan.  [17]  The 
mini-computer  can  also  be  applied  to  suppression  of  SSR  false  target  reports  and  splits,  by  examining  tar- 
get quality  Information  that  Is  available  In  the  CD.  An  Investigation  of  a similar  process  with  terminal 
SSR  data  showed  promising  results.  [18] 

The  number  of  tracking  studies  and  reports  Is  too  large  to  attempt  description  In  this  short  space  or 
to  Include  In  the  bibliography.  In  general,  the  studies  have  addressed  three  topics:  tracking  PSR  targets 

through  clutter,  achieving  the  best  balance  of  performance  between  tracker  responsiveness  to  aircraft  maneu- 
vers and  resistance  to  swapping  to  wrong  targets,  and  Improving  track  position  and  velocity  estimation 
accuracy.  The  author  will  be  happy  to  respond  to  Inquiries  on  tracker  performance  studies. 
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SUMMARY 

With  only  rare  exceptions, the  cathode  ray  tube  has  consistently  fulfilled  the  require- 
ments for  dynamic  data  displays  In  Air  Traffic  Control  systems.  The  basic  principles  of 
the  cathode  ray  tube  are  described  together  with  some  recent  developments  which  help  to 
keep  It  In  the  forefront  of  display  technology.  In  recent  years  however  more  advanced 
techniques  have  emerged  from  the  research  and  development  laboratories  which  offer  advantages 
not  found  with  the  cathode  ray  tube.  Each  of  them  does  however  have  Its  own  disadvantages. 

The  most  promising  of  these  techniques,  which  may  find  applications  In  Air  Traffic  Control 
systems  In  the  not  too  distant  future,  are  discussed  together  with  their  characteristics 
and  relative  merits. 


1.  INTRODUCTION 

The  human  aspects  of  the  man-maohlne  Interface  have  been  considered  In  (l).  It  Is  recog- 
nized that,  as  a preliminary  to  the  specification  of  a data  display  system,  the  data  re- 
quired by  the  human  operator  and  Its  most  suitable  format  must  be  defined  as  a function  of 
the  Individual  control  tasks.  It  Is  the  responsibility  of  the  display  engineer  to  desl0i 
the  display  system  such  that  the  Information  displayed  to  the  controller  will  allow  him  to 
perform  his  tasks  efficiently  and  with  a low  probability  of  error  In  an  ambient  anvlronment 
which  does  not  give  rise  to  undue  stress  or  fatigue  or  does  not  adversely  affect  the  per- 
formance of  the  controller  In  any  other  way.  In  so  doing, the  display  engineer  must  take 
advantage  of  all  the  techniques  available  to  hlm,always  bearing  In  mind  their  relative  costs. 

In  an  air  traffic  control  system  we  can  distinguish  between  two  basic  types  of  display  : 

- the  dynamic  data  display  and 

- the  tabular  display. 

The  dynamic  data  display  Is  usually  a panoramic  presentation  of  the  air  traffic  situation 
as  It  evolves.  The  source  of  data  for  this  presentation  Is  either  radar  or  flight  plan  In- 
formation (intention)  or  a combination  of  both.  In  Its  simplest  and  most  coitnon  form  the 
raw  radar  data  la  presented  on  a circular  screen  or  Plan  Position  Indication  (PPI)  In 
coordinates  relative  to  the  radar  position.  This  Is  achieved  by  rotating  a radial  tlmebass 
about  the  point  on  the  screen  representing  the  radar  position  In  synchronism  with  the  rota- 
tion of  the  radar  antenna.  The  tlmebase  Is  triggered  by  the  transmitter  trigger  and  Intensity 
modulated  by  the  radar  returns  (video  signals).  Thus  the  distance  of  the  plot  from  the 
centre  of  the  screen  represents  the  range  of  the  target  from  the  radar  and  the  bearing  of 
the  plot  relative  to  the  top  of  the  display  represents  Its  azimuth.  Mosaic  techniques  can 
be  used  to  combine, on  a single  screen,  data  from  more  than  one  radar. 

In  modem  radar  data  processing  systems  the  slgials  are  usually  digitized  and  processed 
prior  to  display  (tracking,  filtering,  etc.).  In  this  case  target  positions  are  converted 
Into  X,  Y coordinates  and  represented  by  symbols  on  the  screen.  The  synthetic  data  for 
display  Is  held  In  a display  buffer  store  and  therefore  addressing  the  display  Is  random 
and  the  refresh  rate  can  be  chosen  to  suit  brightness  requirements  dependent  on  the  ambient 
light  conditions  and  the  remanence  characteristics  of  the  display  medium.  However  the 
upper  limit  of  display  refresh  rate  will  be  a function  of  the  total  data  to  be  displayed 
and  the  performance  of  the  addressing  and  writing  circuits  of  the  display. 

The  dynamic  data  display  can  be  oonslderably  Improved  by  the  superlmposltlon  on  the 
dynamic  data  of  static  data  such  as  sector  boundaries,  air  route  networks,  delineation 
of  restricted  zones,  position  of  navigation  aids,  airports,  etc.  Further  refinements 
can  be  made  to  such  a display  by  the  addition  of  alphanumeric  labels  related  to  targets 
and  giving  supplementary  data  such  as  altitude,  call  sign,  eto. 


The  tabular  display  lists.  In  alpha-numeric  form.  Information  related  to  specific  flights 
or  particular  control  functions  such  as  fllj^t  plan  information,  coordination  messages, 
etc.  or  messages  defining  the  present  state  of  the  system. 

The  most  common  medium  for  the  display  of  dynamic  data  In  civil  ATC  systems  Is  the  cathode 
ray  tube  (2).  Tlie  cathode  ray  tube  (CRT)  offers  advantages  of  versatility  and  simplicity. 
However  In  recent  years  a number  of  other  techniques  have  passed  through  the  research 
phase  to  emerge  In  advanced  stages  of  development  as  potential  replacements  for  the  ubiquitous 
CRT.  This  paper  Is  devoted  to  display  devices.  It  will  first  describe  the  principles  of 
the  CRT  and  some  of  the  recent  major  advances  In  CRT  technology  and  will  then  review  the 
new  techniques  which  may.  In  the  near  future,  find  applications  In  ATC  display  systems. 


2.  CATHODE  RAY  TUBE  DISPLAYS 


2.1  Principles 

The  cathode  ray  tube  (fig.  1)  Is  basically  an  electron  guji,  or  cathode,  which  generates 
a stream  of  electrons  which  are  accelerated  towards  a phosphor- coated  glass  face  plate. 

The  Impact  of  the  high  energy  electron  beam  on  the  phosphor  particles  causes  the  latter  to 
emit  light  by  simple  energy  conversion.  Following  the  cathode,  a system  of  electron  optics 
Is  designed  to  focus  the  beam  to  a fine  spot  on  the  screen  and  a deflection  system  will 
position  the  spot  as  required. 
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FIG.  I BASIC  cathode  ray  TUB€ 


2.2  Deflection 

The  deflection  system  can  bo  either  electromagnetic  or  electrostatic  but  the  former 
is  most  common  In  dynamic  data  displays.  Electromagnetic  CRTs  have  colls,  or  yokes,  placed 
aro'ind  the  neck  of  the  tube  and  variation  of  the  current  In  those  colls  will  vary  the 
magnetic  field  thus  deflecting  the  electron  beam.  In  early  radar  display  designs  a Single 
mafTietlc  deflection  yoke  was  rotated  around  the  CRT  neck  In  synchronism  with  the  r«dr.r 
antenna  to  produce  the  rotating  time  base.  Separate  fixed  colls  were  required  for  vector 
and  symbol  generation.  Present  day  displays  generally  have  a fixed  deflection  system  In 
the  X and  Y planes  and.  If  a rotating  scan  Is  required,  the  deflection  saw-tooth  waveforms 
are  amplitude  modulated  by  the  sine  and  cosine  components  of  the  antenna  bearing.  The  angle 
of  deflection  of  the  beam,  h$  passing  through  the  magnetic  field  Is  given  by  : 

SlnH  r H.T. 

\ 

where  H • magnetic  flux  density 

L » length  of  mafqietlc  field 

V.  s electron  beam  potential 
b 

® = electron  oharge/mass  ratio, 
m 

Ideally  the  magnetic  field  should  be  uniform  throughout  the  length  of  the  deflection  system. 
Fringe  field  effects  at  the  ends  of  the  deflection  system  will  cause  deflection  defocusslng 
l.e.  the  sp;t  on  the  screen  will  become  defocussed  as  It  Is  deflected  towards  the  perimeter 
of  the  CRT. 

The  so-called  pln-oushlon  distortion  Is  caused  by  the  Interaction  of  the  X and  Y deflection 
fields  and  Is  particularly  prevalent  In  large  diameter  tubes.  Correction  can  bo  applied 
by  shaping  the  maiJjietlc  fields  or  by  compensation  In  the  coll  current  drive  slpials  {}). 

The  latter  Is  preferable  at  the  expense  of  Increased  complexity  In  the  electronic  circuits. 
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Electrostatic  deflection  Is  achieved  by  the  electric  field  set  up  between  a pair  of  elec- 
trodes on  either  side  of  the  electron  beam  In  the  CRT  neck.  Two  pairs  are  usually  mounted 
orthognally  and  sequentially  for  X and  Y deflection.  The  deflection  angle  of  the  bv->am  ,H, 
passing  through  the  electric  field  Is  given  by  ; 

tan  H = EjL 

where  E « electric  field  strength  between  the  electrodes 

L ■ length  of  deflection  field 

V.  « electron  beam  potential, 
b 

Because  deflection  angle  Is  Inversely  proportional  to  beam  potential,  deflection  sensitivity 
can  be  Improved  by  utilising  Post  Deflection  Acceleration  (P.D.A.).  In  this  technique  the 
I beam  Is  accelerated  to  an  Intermediate  energy  state  prior  to  deflection  and,  following 

deflection  ,1s  accelerated  to  the  normal  high  energy  state.  Although  the  technique  can  also 
be  used  with  electromagnetic  deflection  CRTs,  It  Is  not  so  effective  due  to  the  fact  that. 

In  electromagnetic  deflection  systems,  deflection  angle  Is  Inversely  proportional  to  the 
square  root  of  the  beam  potential.  Ideally  the  deflection  system  will  position  the  spot 
anywhere  on  the  screen  extremely  rapidly  with  minimum  overswlng. Typically,  modem  systems 
will  deflect  and  settle  across  the  diameter  of  50  cm.  CRTs  In  90  in  . 

2.3  Focusing 

The  focusing  of  the  beam  to  a small  spot  on  the  screen  can  also  be  achieved  electro- 
magnetlcally  or  electrostatically,  the  former  generally  providing  better  resolution. 

However  deflection  defocusslng  Is  more  severe  with  electroma^etlcally  focused  tubes. 

Resolution  Is  an  Important  parameter  defining  the  performance  of  a CRT  and  Is  dependent 
on  the  diameter  and  shape  of  the  spot  on  the  screen.  It  varies  according  to  the  position 
of  the  spot  on  the  screen.  The  boat  resolution  Is  obtained  at  the  centre  of  the  CRT.  De- 
flection defocuslng  will  adversely  effect  resolution  If  the  spot  Is  displaced  from  the 
centre.  Techniques  for  the  measurement  of  resolution  are  described  In  (A).  The  spot 
diameter  typical  of  the  CRTs  of  present  ATC  display  systems  Is  of  the  order  of  0.3  - 0.5  mm 
for  a 50  cm  diameter  display  giving  a resolution  of  1000  - 1500  lines  across  the  screen. 

Laminar  beam  CRTs  have  been  constructed  to  give  a very  high  resolution  (5).  In  this  tube, 
beam  crossover  does  not  occur  along  the  length  of  the  CRT  and  the  spot  on  the  screen 
Is  an  Image  of  a hole  In  the  cathode  lens  assembly  and  can  therefore  be  focused  to  a very 
small  size.  Electron  distribution  across  the  beam  Is  linear  rather  than  gausslan  and 
therefore  the  spot  has  sharp  edges,  giving  an  apparently  high  contrast.  Geometric 
distortion  and  deflection  defocuslng  are  also  Insignificant. 

2.4  Phosphors 

The  choice  of  phosphor  for  a CRT  Is  dependent  on  the  application  (6).  For  raw  radar 
displays  the  Integrating  effect  of  a long  persistence  phosphor  enhances  target  detection, 
particularly  In  clutter.  Long  persistence  phosphors  retain  the  radar  blip  at  a progressively 
diminishing  brightness  level  during  several  scans  and  therefore  provide  an  afterglow  trail 
or  history  of  the  track  position.  This  Is  useful  for  detection  of  manoeuvres,  estimation 
of  velocities,  maintenance  of  Identity,  etc. 

For  oomputer  driven  displays  of  synthetic  data,  refreshed  at  a high  rate,  short  perslstanoe 
phosphors  are  required.  Resolution  requirements  and  choice  of  colour  will  also  Influence 
the  choice  of  phosphor.  Some  phosphors  have  an  Initial  high  Intensity,  very  short  duration 
flash  or  fluorescent  emission  before  the  phosphorescent  emission.  This  fluorescence, 
usually  blue  or  ultra-violet  In  colour,  may  be  used  to  activate  a photo-sensltlve  device 
such  as  a light  pen  (7)  for  position  designation.  Phosphors  are  usually  classified, 
according  to  their  characteristics.  Into  standard  types  (Pl,  P2,  P3,  eto.)  defined  by 
the  Joint  Electron  Device  Engineering  Council  (JQIEC)  of  the  Electronic  Industries  Associa- 
tion (8). 


2.5  Character  Generation 

A number  of  techniques  are  available  for  the  generation  of  oharaoters  and  special 
symbols  for  display  on  CRTs.  The  most  common  are  the  raster  scan  method  and  the  stroke 
writing  method. 


580 


In  the  former  method  the  electrot>  beam  systematically  scans  the  character  r ■ a and  Is 
Intensity  modulated  by  the  appropriate  character  signal  Mhlch  Is  coded  and  stored  on 
normally  a7*5or9x7  matrix  (fig.  2).  With  the  stroke  writing  method  the  character 
Is  formed  by  deflecting  the  beam  thTOUgJi  a number  of  discrete  Interconnected  segments 
(Fig.  3). 


FIG  2 RASTER  SCAN  CHAf-flCTER  WRITING  FIGS  STROKE  WRITTFN  CHARACTER 


For  purely  alpha-numeric  displays  the  shaped  team  character  tube  may  be  considered.  This 
device  has  a mask  In  which  are  etched  apertures  In  the  shape  of  all  the  desired  characters 
and  symbols.  For  character  selection  the  electron  beam  Is  first  deflected  throug)i  the 
appropriate  aperture  so  that  Its  cross  section  takes  the  shape  of  the  character  to  be  dis- 
played. Further  deflection  circuits  then  position  the  beam  on  the  screen.  This  technique 
gives  very  satisfactory  character  shape  and  a large  selection  of  complex  symbols. 

For  raw  radar  displays  with  a rotating  scan,  character,  symbols  and  vectors  are  normally 
drawn  during  the  dead  time  between  scans.  If  the  time  thus  available  Is  not  sufficient 
then  radar  scans  must  be  "borrowed"  for  character  writing.  It  Is  generally  considered 
that  up  to  one  In  seven  scans  can  be  used  In  this  way  without  sl^lf leant  loss  In  radar 
data.  In  computer  driven  displays,  with  random  access  deflection  systems,  dynamic  data 
and  characters,  etc.  are  presented  randomly. 

2.6  Display  of  Static  Data 

It  Is  usually  desirable  to  display  on  the  dynamic  data  display,  static  data  such 
as  air  route  networks,  sector  boundaries  etc. 

For  the  raw  display  this  Is  best  achieved  by  use  of  video  mapping  techniques.  The  static 
data  required  for  display  Is  accurately  etched  on  a photographic  slide.  The  slide  is 
scanned  by  a flying  spot  scanner  In  synchronism  with  the  radar  display  timebase  and  the 
output  Is  converted  to  an  electrical  signal  by  a phe  omultipller.  This  signal  Is  applied 
to  the  video  circuits  of  the  radar  display.  Although  It  Is  feasible  to  optically  magnify 
the  video  map  image  before  scanning  when  a number  of  range  scale  are  required  at  the 
display,  this  has  the  undesirable  effect  of  enlarging  character  and  symbol  sizes.  It  Is 
preferable  to  have  separate  video  map  slides  for  each  range  scale  required. 

In  the  computer  driven  synthetic  display  system,  the  static  data  can  be  programmed  and 
stored  In  the  display  repetition  store  as  required  together  with  the  dynamic  data. 

In  this  ease  the  dynamic  and  static  data  are  read  out  and  displayed  together.  Another 
technique  for  the  display  of  static  data  Is  the  rear  port  tube  (9)  (10).  The  rear 
port  CRT  Is  similar  to  a conventional  CRT  but  with  a clear  window  In  the  cone  through 
which  a static  Image  can  be  projected  onto  the  rear  surface  of  the  screen,  (fig.  A). 

The  required  static  Images  are  recorded  photographically  on  slides  and  projected  by 
conventional  slide  projectors.  The  major  problem  in  the  design  of  such  a CRT  Is  that, 
either  the  projection  axis  gir  the  electron  beam  axis, or  both  must  be  displaced  from, 
and  perhaps  at  an  angle  to,  the  CRT  axis  and  therefore  compensation  must  be  Included 
In  the  deflection  system  or  the  optical  system  or  both  to  prevent  distortion.  Care 
must  also  be  taken  In  the  mechanical  design  to  avoid  registration  errors.  An  advantage 
of  the  system  Is  that  the  static  data  may  bo  in  a different  colour  to  the  dynamic 
data  thus  Improving  the  legibility  of  the  display. 
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FIG  4 RFAR  PART  TUBE 


r.7  Prlrjit  displays 

The  brlrlitness  of  raw  radar  displays  Is  normally  low  and  therefore.  In  order  to 
maximise  contrast  and  consequently  target  detectability,  low  ambient  llghtlnr;  levels  are 
required.  However  this  Is  Incompatible  with  the  necessity  to  read  ancillary  data  such 
as  flight  progress  strips,  control  panel  indicators,  etc.  and  the  requirement  for  natural 
ambient  working  conditions.  A number  of  techniques  ar«  available  for  the  presentation  of 
raw  radar  In  hlgli  ambient  llglit  conditions. 

The  scan  conveid.or  or  Radar  Prlght  Display  (HBD)  Is  simple  In  principle  (ll).  The  raw 
radar  data  Is  written  onto  an  electrical  storage  tube  using  the  normal  radar  scan.  The 
Image  thus  produced  Is  road  out  by  scanning  with  a TV  raster  and  displayed  on  a TV  moni- 
tor at  a high  refresh  rate,  thus  achieving  a hl(ji  effective  luminance.  This  may  be  of 
the  order  of  10  times  that  of  the  conventional  PPI  display.  The  disadvantage  of  the  scan 
converter  Is  a reduction  of  resolution  compared  to  the  PPI. 

The  Direct  View  otoragc  Tube  (D.V.S.T.)  Is  capable  of  very  high  brightness  levels.  It  Is 
often  necessary  to  erase  the  total  picture  (page  erasure)  and  rewrite  In  order  to  modify 
any  Item  of  data  on  the  screen.  But  versions  with  selective  erasure  do  exist  (12).  Basically 
the  Image  Is  written  and  stored  as  an  electric  charge  on  a storage  mesh  with  a dielectric 
backing  near  the  CRT  screen.  A flood  gun,  separate  to  the  writing  cathode  assembly,  evenly 
floods  the  storage  mesh  with  electrons.  Alien  the  information  Is  stored  on  the  mesh  the 
electrons  are  allowed  to  pass  througli  and  are  accelerated  to  screen  potential  to  activate 
the  phosphor.  Flctuiv!  resolution  Is  limited  by  the  storag"  mesh  and  the  resolution  of 
selective  erasure  is  usually  T or  .5  line  widths.  Writing  and  erase  speeds  are  also  slower 
than  for  conventional  non-storare  tubes. 

The  jklatron  CRT  vrhlch  uses  a scotophor  or  potassium  chloride  phosphor,  can  also  be  used 
In  high  ambient  light  envl rvrnments.  These  phosphors,  when  bombarded  by  electrons,  do 
not  emit  light  but  become  absorbent  to  green  light.  Thus  writing  on  the  screen  has  the 
effect  of  producing  a dark  trace  (magenta  = white  minus  green)  on  a white  background. 

This  contrast  Is  erhanced  rather  than  Impaired  by  Increasing  the  ambient  light  level. 

The  scotophor  phosphors  are  long  perslstance  phosphors  and  require  heat  for  erasure.  The 
erasure  and  settling  process  requlros  several  seconds.  Slow  writing  speed  Is  also  a dis- 
advantage . 


2.8  Colour 

Th.e  potential  of  multi-colour  displays  has  not  yet  been  exploited  In  ATC  display 
syRt,,«is  hut  theio  Is  no  doubt  that  the  added  dlmerslon  of  colour  will  facilitate  the 
Interpretation  of  the  display  by  the  controller.  A number  of  techniques  exist  for  the 
contructlon  of  multi-colour  cathode  ray  tubes. 

Tne  most  common  colour  CRT  Is  the  shadow  mask  tube  which  Is  now  the  standard  CRT  for 
commercial  colour  television.  The  screen  of  this  tube  consists  of  phosphors  of  the 
,5  primary  colours  (red,  green  and  blue)  laid  down  In  a systematic  dot  matrix  as  shown 
In  figure  8.  bear  the  screen  and  parallel  to  It  Is  a mask  with  a pattern  of  holes  ar- 
ranged such  that  each  hole  Is  alltTied  with  a triangular  group  of  three  colour  phosphor 
dots. 


The  CRT  has  three  electron  guns,  one  for  each  colour.  The  focusing  and  colllmatlon  of  the 
electron  beams  Is  such  that,  on  deflection  to  any  part  of  the  screen  all  three  beams  pass 
through  the  same  hole  In  the  mask  but  activate  separately  the  three  different  phosphors. 

The  size  and  proximity  of  the  dots  In  a 3 colour  group  Is  such  that,  when  activated,  the 
appearance  to  the  viewer  Is  a single  colour  dot,  the  colour  of  which  depends  on  the  rela- 
tive Intensities  of  the  3 basic  colours.  The  disadvantages  of  the  technique  Include  the 
limited  resolution,  which  Is  governed  by  the  minimum  size  of  the  colour  dots  and  their 
spacing  and  the  relative  complexity  of  manufacture. 

The  single  gun  Lawrence  tube  adopts  a simpler  approach  to  the  production  of  multi-colour 
displays  but  suffers  from  the  same  limitations  of  resolution  as  the  shadow  mask  C.R.T. 

In  this  technique  three  phosphors  of  the  throe  primary  colours  are  laid  down  In  a repetitive 
pattern  In  thin  vertical  stripes  across  the  tube  face.  The  colour  stripes  are  divided  by 
a wire  grid.  The  electron  beam  from  a single  gun  Is  directed  towards  the  appropriate 
triplet  of  phosphor  stripes  and  colour  selection  Is  made  by  the  relative  potential  applied 
to  the  wires  associated  with  each  phosphor. 

A colour  CRT  which  Is  more  applicable  to  the  ATC  display  requirements  for  comparatively 
high  resolution  Is  the  Penetron  tube  (13),  (l^),  (15).  In  Its  most  common  form  this  CRT 
has  two  phosphor  layers  of  different  colours  separated  by  a dielectric  barrier.  At  a low 
SHT  of  some  6-8  kV  the  electron  beam  does  not  penetrate  the  Inert  layer  and  therefore 
only  activates  the  first  or  Inr.er  phosphor  which  emits  a specific  colour,  say  red.  If 
the  SHT  Is  raised  to  a maximum  of  12-14  kV  then  the  dielectric  barrier  is  penetrated  and 
the  outer  phosphor  Is  also  energized.  Now, If  the  conversion  efficiency  of  the  second 
phosphor  Is  greater,  and  the  eye  Is  more  sensitive  to  Its  colour  (e.g.  green),  then  this 
colour  will  predominate.  Intermediate  EHT  values  will  give  Intermediate  colours  as  shown 
on  the  chromatlolty  diagram  in  figure  6 by  the  line  Joining  the  two  principal  colours 
(red  and  green  In  this  example).  Colour  switching  speed  Is  limited  by  the  need  to  change 
the  final  anode  potential  through  some  6-8  kV.  Current  circuit  technology  can  achieve 
this  In  less  than  50“>  • However  a change  In  beam  energy  will  effect  the  focus,  deflec- 
tion sensitivity  and  brilliance  and  therefore  compensation  must  be  applied  to  the  appro- 
priate circuits  as  a function  of  colour  (l6). 
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The  choice  of  phosphors  for  such  tubes  Involves  more  than  the  choice  of  colour  (17)-  The 
outer  phosphor  must  be  transparent  and ,lf  sulphides  are  used  .they  must  therefore  be 
milled  to  such  a fine  grain  that  many  of  the  Ideal  properties  such  as  persistence  and 
conversion  efficiency  are  effected.  Rare  earths  and  wlllomltos  are  therefore  preferable 
but  current  research  Is  directed  towards  larger  grain  phosphors. 

Post  deflection  acceleration  applied  to  Penetron  tubes  would  avoid  the  necessity  for  com- 
pensation when  changing  colour  for  deflection  and  focusing  would  be  carried  out  at  a 
constant  beam  energy.  Another  alttinative  Is  to  use  two  guns,  one  for  each  principle  colour 
operated  at  different  cathode  potentials  below  a common  final  anode  potential.  Colour 
switching  signals  would  be  applied  to  the  respective  grids.  In  order  to  compensate  for 
differing  deflection  sensitivities  of  the  two  beams,  the  lower  energy  beam  would  have  to 
be  shielded  for  part  of  Its  passage  through  the  deflection  field.  It  has  also  been 
suggested  that.  In  order  to  avoid  the  necessity  of  laying  aown  two  phosphor  layers  separated 
by  an  Inert  layer,  a two  phosphor  mix  could  be  applied,  the  particles  of  one  phosphor  being 
coated  with  an  inert  layer. 
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An  alternative  single  gun  poly- 
chromatic CRT  is  one  In  which  the 
spectral  omission  of  the  phos- 
phor Is  dependent  on  current 
density  (l8).  This  Is  usually  achie- 
ved with  a screen  comprising  a 
two  phosphor  mix.  Phosphors  nor- 
mally have  linear  or  slightly 
subllnear  emission  Intensity/ 
current  density  characteristics. 
Certain  phosphors  exhibit  signi- 
ficant superllnear  characteristics. 
The  Intensity/current  density  re- 
lationship of  a near  linear  (A)  and 
a superllnear  phosphor  (B)  are 
shown  In  figure  7- 


FIG  y INTENSiry/CUNHENT  OENSITV  CHARACrERISTICS 
OF  CURRENT  SEN'^.riVE  COLOUR  CRT 


It  can  be  seen  that.  If  a screen  combining  these  two  phosphors  Is  excited,  thaji  at  low  current 
densities  the  emission  of  phosphior  A (say  red)  predominates.  As  current  density  Is  Increased 
then  the  emission  of  B (green'  becomes  apparent  until  It  predominates  (19).  A limitation  of 
thlo  techjilque  at  the  moment  Is  that  the  full  colour  range  between  the  two  phosphors  cannot 
be  achieved  as  Is  shown  In  figure  8 which  represents  the  colour  shift  on  a chromomatlclty 
diagram  as  a function  of  current  density.  Another  disadvantage  Is  th.at  brightness  will  tend 
to  Increase  with  an  Increase  of  current  density.  Tills  can  be  compensated  for  If  the  sensi- 
tivity of  the  eye  Is  les.s  for  the  spectral  emission  of  the  superllnear  phosphor  than  for  the 
near  linear  phosphor. 


FIG  8 COLCUR  SHIFT  AS  A 

FUNCTION  OF  CURRENT 
DENSITY  ( uA  fOR 

TWO  typical  RHOSPMORS 
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LARO-:  3CR'-3a.'  PROJECriON  DISPLAYS 


.^.1  Requirements  and  Types 

It  5s  debatable  as  to  whether  there  is,  or  ever  will  be,  a requirement  for  large 
screen  displays  in  civil  Air  Traffic  Control.  By  large  screen  we  refer  to  display  areas 
measured  In  square  meters,  the  information  being  shared  by  several  operators.  However 
techniques  do  exist, or  are  In  an  advanced  state  of  development, and  It  Is  worth  giving 
them  some  consideration.  Briefly,  large  screen  displays  can  be  divided  Into  two  basic 
categories  - the  projection  displays  and  the  multi-element  or  panel  displays.  The  latter 
class  are  considered  later  under  advanced  display  techniques  and  therefore  we  will  con- 
fine ourselves  here  to  projection  devices.  Techniques  Involving  photographic  or  etching 
processes  such  as  those  by  which  a CRT  Image  Is  sequentially  photographed,  the  film  rapidly 
processed  and  projected,  will  not  be  discussed  because  of  the  Inherent  disadvantages  of 
processing  time  and  repetition  rate  limitations.  Suitable  projection  techniques  fall  Into 
three  basic  classes  - CRT  projection,  light  valves  and  laser  displays. 

J.P  CRT  Projection  Displays 

The  normal  CRT  Image  Is  not  sufficiently  bright  for  direct  projection  onto  a large 
screen.  However  the  Sklatron  tube  described  above  can  be  used  with  an  external  light 
source  such  as  an  xenon  nrc  lamp.  As  has  already  been  explained  the  potassium  chloride 
screen  of  the  Sklatron  becomes  absorbent  to  green  light  on  being  bombarded  by  electrons. 

The  light  from  the  external  source.  Incident  upon  this  CRT  face,  will  be  modulated  by  the 
Image  which  may  thus  be  projected  through  a suitable  Ions  systems  onto  a large  screen. 

Transparent  phosphors  exist  which  become  opaque  when  subjected  to  ultra  violet  light. 

Thus  the  screen  of  a CRT  with  such  a phosphor  will  normally  be  opaque  If  flooded  by 
ultra  violet  light.  When  painted  by  the  electron  beam,  the  screen  becomes  transparent 
to  green  llgnt.  Back  projection  by  a hlgli  Intensity  light  source  and  a suitable  lens 
system  will  therefore  allow  the  Image  to  be  reproduced  on  a largo  screen. 

3.3  Light  Valves 

The  basic  principle  of  the  light  valve  Is  the  modulation  of  light  by  the  d<'forma- 
tlon  of  an  elastic  reflecting  or  transparent  film,  the  deformation  being  produced  by  a 
surface  electric  charge  deposited  by  a scanning  electron  beam. 

The  first  light  valve  projection  technique  was  the  Eldophor  developed  in  1939  at  the  Swiss 
Institute  of  Technology  (20).  The  Incentive  behind  the  development  was  the  direct  projec- 
tion of  television  Images  onto  a large  screen.  The  Eldophor  uses  a transparent  dielectric 
oil  film  on  a ''-ncav'-*  reflecting  disc.  The  disc  rotates  through  an  oil  bath  and  the  oil 
film  Is  smootned  and  maintained  at  a constant  thlckne.es  by  a stationary  bar.  The  disc  Is 
aald  In  a vacuum  and  scanned  by  an  electron  beam  similarly  to  the  screen  of  a cathode 
ray  tube.  Intensity  modulation  of  the  beaim  causes  a charge  to  build  up  on  the  oil  film 
corresponding  to  the  video  Input.  The  oil  film  Is  locally  distorted  by  the  attractive 
forces  resulting  from  the  electric  charge.  Where  the  film  Is  undlstorted.  Incident  light 
will  be  directly  reflected  by  the  disc.  .Aiere  this  film  has  been  distorted  by  the  charge 
the  light  will  be  diffracted.  The  degree  of  diffraction  Is  a function  of  the  magnitude 
of  distortion  and  hence  the  Intensity  of  the  charge.  Thus,  If  a high  Intensity  light 
source  Is  directed  onto  the  disc,  a suitable  optical  system  can  be  used  to  project  this 
video  Image  onto  a screen.  The  Sohlleren  optical  system  Is  most  commonly  used  for  this. 

The  Schlleren  optical  system  Is  shown  in  fig.  9-  A hlgli  Intensity  light  source  such  as 
a xenon  arc  Is  directed  by  a parabolic  reflector  and  via  a grating  of  parallel  mirrors 
onto  the  disc.  Any  light  falling  on  an  undlstorted  area  of  the  film  will  be  reflected 
straight  back  via  the  mirrors  to  the  light  source.  If  however  the  surface  of  the  film 
has  been  distorted  the  light  will  be  diffracted,  and  reflected  through  the  slits  In  the 
grating.  A suitable  lens  system  then  focusses  and  projects  the  light  onto  a viewing 
screen.  The  persistence  of  the  display  Is  a function  of  the  rate  at  which  the  deforma- 
tion of  the  oil  ffro  decays  and  Is  therefore  dependent  on  the  conductivity  and  the 
viscosity  of  the  oil. 
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FIG  i PRINCIPLE  OF  EIDOPHOR  DISPLAY  AND  SCHLIEREN  OPTICAL  SYSTEM 


Resolution  Is  limited  and  Is  generally  of  the  order  of  1000  lines.  The  vacuum  Is  continually 
maintained  by  pumping  In  order  to  reduce  the  concentration  of  impurities  from  vaporization 
of  the  oil.  Nevertheless  the  cathode  becomes  contaminated  leading  to  premature  failure.  Dis- 
play of  radar  Information  1s  achieved  by  a scan  convert, er  to  produce  the  raster  scan  neces- 
sary for  the  Eldophor.  A colour  display  can  be  achieved  by  a rotating  disc  In  front  of  the 
light  source.  The  disc  Is  divided  Into  three  equal  sectors,  each  one  being  a filter  to  one 
of  the  primary  colours.  The  system  Is  then  driven  ty  three  scan  converters,  one  for  each 
colour.  The  frame  speed  of  the  scan  converters  Is  } times  that  of  the  display,  whereas  the 
rotation  rate  of  the  disc  Is  1.5  times  that  of  the  scan  converter  frame  repetition  rate. 

Thus  each  half  frame  displays  data  In  one  of  the  three  colours  and  after  three  frame  repeti- 
tion Intervals  both  half  frames  have  displayed  all  three  colours. 

The  original  Eldophor  principle  has  been  Improved  upon  In  later  light  valve  developments. 

One  Improvement  is  the  use  of  deformable  plastic  films  to  replace  the  oil  and  rotating 
disc.  In  one  development  the  deformable  surface  has  been  separated  from  the  cathode  gun 
assembly  thus  eliminating  cathode  contamination  as  a cause  of  unreliability  (21).  This 
device  Is  Illustrated  In  fig.  10.  The  deformable  film,  a silicon  rubber  elastomer.  Is  de- 
posited on  a mica  membrane.  The  outer  surface  of  the  layer  is  a reflecting  conducting 
film.  The  mica  membrane  divides  the  "dirty"  vacuum  with  the  elastomer  from  the  "clean' 
vacuum  with  the  electron  gun  assembly.  Deformation  of  the  elastomer  Is  caused  by  charges 
built  up  on  the  dielectric  membrane  by  the  electron  beam.  In  the  version  Illustrated,  flood 
guns  are  shown  for  erasing  the  stored  charge  or  controlling  the  persistence. 
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FIG.10  DFF0RM06RAPHIC  STORAGE  DISPLAY  TUBE.  (SOURCE  HEF  21 ) 
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t oomprahenslve  summary  of  the  principles  of  various  light  valve  techniques  with  a review 
of  the  state  of  the  art  Is  given  In  (2S). 

2.4  Laser  Displays 

In  Its  early  days  the  laser  was  often  dubbed  as  a solution  looking  for  a problem 
and  It  was  natural  that  applications  should  have  been  sought  In  the  display  field.  Techniques 
have  advanced  such  that  several  practical  displays  have  been  built  using  lasers  (23).  Other 
than  holographic  techniques  for  3D  displays,  laser  displays  fall  Into  one  of  two  categories  - 
those  In  which  the  laser  beam  Is  used  to  write  Information  onto  an  optically  sensitive 
material  such  as  photographic  film  which  la  then  used  to  modulate  another  light  source  as 
In  a conventional  projection  system  and  those  In  which  the  laser  light  Is  projected  directly 
onto  the  viewing  screen. 

Whichever  the  category,  all  laser  displays  have  one  characteristic  In  common  : some  means 
of  deflecting  the  light  beam  la  required,  fluch  Ingenuity  has  been  applied  to  the  scanning 
techniques  (24)  including  the  use  of  rotating  mirrors,  mirrors  mounted  on  resonant  fibres 
or  piezoelectric  crystals,  etc.  However  direct  deflection  of  the  beam  by  electro-optic 
deflectors  is  the  most  promising  for  practical  random  access  displays  (25).  A bistable  de- 
flection device  can  be  produced  by  a blrofrlngent  crystal  such  as  a calcite  crystal  preceded 
by  an  electro-optic  polarization  switch  (26).  Cascading  n such  devices  will  give  2n 
resolvable  beam  positions.  The  refractive  index  of  a birefrlngent  crystal  depends  on  the 
plane  of  polarization  of  the  light.  The  polarization  switch  therefore  Is  arranged  to  rotate 
the  plane  of  polarization  of  the  light  beam  entering  the  crystal  between  two  orthogonal 
positions.  In  one  polarization  state  the  beam  will  pass  through  the  ci^stal  undeflected. 

In  the  alternate  state  the  beam  will  be  deflected  through  an  angle  i . If  the  thickness 
of  the  birefrlngent  crystals  are  In  geometrical  progression,  linear  displacement  of  the 
beam  In  discrete  steps  can  bo  achieved  (fig.  11).  Various  materials  exist  for  the  electro- 
optic  switches  which  rotate  the  plane  of  polarization  of  light  as  a function  of  the  applied 
electric  field.  The  nx.st  common  are  nltro-benzlne  liquid  and  potassium  dliiydrogen  phosphate 
(KDP)  crystals.  Both  however  have  the  disadvantage  of  requiring  high  voltage  (kVs)  to  switch 
through  9^  . 
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A display  resolution  of  1000  x 1000  lines  Is  feasible  by  these  techniques  with  deflection 
speeds  of  less  than  Ins  between  any  two  positions.  Lasers  can  be  used  to  write  on  photo- 
graphic film  or,  better  still,  on  photochromlc  materials.  Photochromlc  materials  are  nor- 
mally transparent  but  become  opaque  when  subjected  to  light  of  a particular  wavelength. 
Writing  with  a laser  beam  can  be  achieved  at  the  same  time  as  projection  via  an  alterna- 
tive light  source  (27).  Disadvantages  are  the  slow  response  of  photochromlc  materials  and 
the  fact  that  erasure  usually  requires  the  application  of  heat. 
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4.  ADVANCED  DISPLAY  TECHNIQUES 

4.1  General 

Except  for  limited  use  of  eleotro-meohanloal  Indicators,  the  cathode  ray  tube  Is  the 
universal  medium  for  the  display  of  dynamic  data  In  civil  ATC  systems.  Development  of  the 
CRT  has  been  such  to  keep  ahead  of  any  potential  opposition.  We  have  seen  that  CRTs  with 
storage  capability  are  now  available  as  are  colour  displays  with  adequate  resolution.  More- 
over bri^t  display  are  available  which  can  be  viewed  in  high  ambient  light  conditions. 

Nevertheless  the  CRT  possesses  disadvantages  which  Impose  constraints  on  the  system  de- 
signer. It  Is  cumbersome  In  size  and  Is  not  particularly  rugged.  It  requires  high  voltages 
and  power  dissipation  of  the  deflection  circuits  Is  also  high.  Being  an  analogue  device 
there  are  problems  of  drift.  Jitter,  distortion,  etc. 

However  there  are  now  a number  of  display  techniques  at  a sufficiently  advanced  state  of 
development,  each  having  particular  advantages,  which  nay  be  considered  as  a potential 
replacement  for  the  CRT  In  particular  applications  In  future  display  systems.  The  more 
Important  and  promising  of  these  techniques  will  be  discussed  Ic  the  following  paragraphs. 


4.2  Electroluminescence 

[ The  phenomenom  of  electroluminescence  (EL)  Is  most  simply  defined  as  the  direct 

' conversion  of  electrical  energy  Into  light.  It  may, however,  take  one  of  two  different 

forms.  Junction  electrolumlnaseence  normally  occurs  at  a p-n  Junction  In  a single  crystal. 

First  observations  are  accedlted  to  Thomas  Round  in  1907  but  Lossev  Is  recognised  as 
the  pioneer  worker  In  this  field  whose  experiments  followed  his  recognition  In  1923  of 
electroluminescence  at  a point  contact  on  a crystal  surface.  Field  effect  electroluminescence 
occurs  generally  when  high  electric  fields  are  applied  to  mloroorystalllne  phosphors. 

This  Is  sometimes  referred  to  as  the  Destrlau  effect  after  the  Frenchman  who  first  ob- 
served the  phenomenon  In  1936.  The  most  Interesting  characteristic  of  EL  Is  that  It  may 
offer  In  the  future  the  most  complete  gamut  of  visible  colours  of  any  active  or  passive 
display  system.  It  has  even  been  forecast  that  the  synthesis  of  nearly  all  the  10^ 
colours  perceivable  by  normal  trichomata  may  be  possible  (26). 

Table  1 lists  most  of  the  materials  In  which  electroluminescence  has  been  observed  (29) . Although 
||^  i this  list  Is  not  exhaustive, only  those  materials  which  are  underlined  are  of  practical  vauue. 
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In  so  far  as  Junction  elBctrolumlnescenee  Is  concerned,  the  most  common  materials  used  to 
date  are  Gaf,  GaAsP  and  GaAlAs  (^0).  KlRure  IS  shows  the  spectral  omission  of  these  and 
other  materials.  GaP  can  emit  in  the  red  ,nd  the  yellow-green  area  of  the  spectrum  whereas 
GaAsP  and  GaAlAs  are  limited  to  the  red-orange  area.  The  power  efficiency  of  OaP  emitting 
In  the  green  Is  not  very  high  but, because  this  Is  near  the  peak  senslvlty  of  the  eye  (shown 
also  In  fig.  12),  the  luminous  efficiency  Is  as  good  as  the  red  emission.  Theoretically 
GaAs,  which  only  emits  In  the  Infrared,  can  be  used  In  conjunction  with  a visible  emitting 
phosphor  which  Is  activated  by  Infrared  radiation  to  produce  other  colours.  Recently  a 
OaP  light  emitting  diode  (LED)  has  been  announced,  the  colour  of  emission  of  which  varies 
between  red  and  green  depending  on  the  current  drive. 
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Recently  researchers  both  In  Europe  and  uhe  USA  have  reported  blue  emission  from  OaN  and 
this  material,  which  has  a large  band  gap,  should  be  able,  with  suitable  dopants,  to 
emit  other  colours,  GalnP  can  also  bo  meide  to  emit  anywhere  between  rod  and  green  but  Is, 
at  the  moment,  very  Inefficient.  Silicon  carbide  also  possesses  a large  energy  gap  and, 
with  suitable  choice  of  material  polytypo  and  Impurities,  can  be  made  to  luminesce  through- 
out most  of  the  visible  spectrum.  The  material  Is  difficult  to  fabricate  but  recent  pro- 
gress In  building  electroluminescent  devices  has  been  reported  (^1). 

The  brightness  of  these  techniques  Is  usually  high,  typically  of  the  order  of  100-1000 
Foot-Lamberts  (ft-L)  depending  on  the  material,  drive,  etc.  Higher  luminances  have  been 
reported  and,  of  course,  can  always  be  achieved  by  driving  the  device  harder  but  with  the 
consequence  of  reduced  life. 

An  advantage  of  EL  diodes  Is  that  the  drive  voltage  Is  compatible  with  logic  levels  but 
their  efficiencies  are  still  such  that  current  drivers  are  required  to  Interface  between 
the  logic  circuits  and  the  light  emitting  elements.  The  reliability  Is  of  course,  very 
hlgji  being  similar  to  that  of  other  semiconductor  devices.  The  conversion  eff Icleiicles 
of  these  devices  varies  depending  on  the  materials.  Hod  GaJ  ha.s  one  of  the  highest 
efficiencies,  6-7^, but  for  some  materials  the  efficiency  Is  0.1%  or  even  less  (32). 

Research  Is  now  devoted  to  the  materials  technology  and  particularly  to  Improving 
luminous  efficiencies  In  order  to  reduce  current  drive  requirements.  Switching  times 
are  very  fast,  being  of  the  order  of  nanoseconds  and  they  exhibit  a sharp  threshold 
which,  as  we  will  see  later.  Is  an  advantage  In  cross  bar  addressed  matrix  displays. 


To  form  a display  using  these  devices  two  approaches  are  possible,  the  multi! chip  array  and 
the  monolithic  array  (33) • The  multichip  array  raqulras  the  bonding  together  of  discrete 
elements  to  form  a matrix  addressable  either  as  Individual  points  or  In  x and  y.  The  monolithic 
array  Is  made  up  of  p-n  Junctions  diffused  on  a single  substrate.  With  both  techniques 
difficulties  exist  In  the  construction  of  a large  matrix.  To  produce  a matrix  of  only 
100  X 100  points  with  the  multichip  method.  It  Is  necessary  to  lay  down  accurately  and  to 
wire  bond  10,000  diodes.  With  the  monolithic  process  a sufficiently  large  substrate  could 
not  be  produced,  and  even  If  this  were  possible,  a 100)8  device  yield  on  such  a largo 
sample  Is  beyond  present  day  production  capability. 

Field  effect  KL  devices  are  usually  constructed  by  sandwiching  the  electroluminescent 
material  suspended  In  resin,  between  two  electrodes,  one  of  which  Is  transparent  (fig.  13). 
Thus,  In  effect,  the  device  Is  a capacitor.  If  a potential  Is  now  applied  to  the  electrodes 
the  resultant  field  will  cause  the  device  to  emit  light.  These  devices  are  normally  ac 
energised  because  of  the  poor  conduction  paths  In  a phosphor  particle  structure.  However, 
efficient  do  devices  are  now  also  possible  (3^).  Colour  of  emission  will  depend  on  the 
material  used  and  the  activator.  The  most  common  phosphors  are  of  the  zinc-sulphide  (ZnS) 
family  (35). 
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It  Is  also  possible  to  produce  a device,  the  colour  of  which  Is  a function  of  applied 
frequency.  For  Instance  a phosphor  doped  with  both  copper  and  chlorine  will  emit  green 
at  low  frequencies  and  blue  at  higher  frequencies.  Because  the  recovery  time  of  the 
green  centres  Is  comparatively  slow  they  become  saturated  as  the  frequency  Is  Increased 
and  the  blue  emission  thus  becomes  the  dominant  one. 

A multi-coloured  display  has  also  been  proposed  based  on  a combination  of  flouresoent 
stimulation  and  dielectric  reflection  (36). 

One  disadvantage  of  this  technique  Is  that  brightness  Is  limited,  generally  In  the  range 
of  5-50  ft.L.  Researchei's  have  reported  values  of  200  to  300  ft.L.  but  generally  with 
very  much  reduced  life  which,  even  in  normal  circumstances.  Is  not  very  high.  Failure 
Is  not  normally  catastrophic  but  Is  evident  by  a gradual  reduction  of  light  output. 

Half  life  Is  typically  of  the  order  of  1000  hours.  Drive  voltages  are  of  the  order  of 
50-200  volts.  Present  research  Is  devoted  towards  Increasing  brightness  and  reliability 
while  reducing  the  required  drive  voltage. 

The  technique  does,  however,  lend  Itself  to  large  area  displays  of  several  hundred  lines 
resolution.  Fig.  14  Illustrates  how  such  a display  would  be  fabricated.  The  phosphor 
Is  deposited  between  orthogonal  sets  of  parallel  electrodes  such  that  a slsral  applied 
to  one  X and  one  Y electrode  would  activate  the  phosphor  at  the  Intersection.  Using 
this  technique  a flat  screen  TV  has  been  built  and  demonstrated  (37).  The  screen,  with 
a 33  cm  diagonal  has  a limiting  resolution  of  about  150  T.V.  lines  and  a brightness 
of  10  ft.L. 
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FIG  lA  CONSTRUCTION  OF  EL  DISPLAY  PANEL 


^.3  Liquid  Crystals 

Liquid  crystals  are  organic  compounds  having  the  properties  of  liquids  but  with 
an  oiYlered  crystalline  structure  (38).  Because  they  exist  between  the  solid  and  the  pure 
liquid  state  they  usually  exhibit  these  particular  characteristics  within  a limited 
temperature  range.  Although  many  organic  compounds  possess  the  properties  of  liquid 
crystals  only  a few  exist  In  this  state  at  normal  ambient  temperatures.  Liquid  crystals 
can  be  claaslfled  Into  three  different  types  according  to  their  crystalline  structure, 
smectic,  cholesteric  and  nematic  liquid  crystals,  'ihese  are  Illustrated  In  fig.  15. 

In  each  case  the  long,  cigar  shaped  molecules  are  arranged  In  an  orderly  pattern  under 
normal  conditions. 
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The  moleoulea  In  saeotlo  meterlale  lie  In  parallel  layers  with  their  axea  perpendicular 
to  the  plana  of  each  layer.  Smectic  meterlale  do  not  normally  respond  to  an  electric 
field  and  therefore,  except  for  one  recent  experiment  In  which  a laser  was  used  to  write 
on  a smectic  panel,  they  are  not  considered  practical  for  display  applications. 

In  cholesteric  materials  the  molecules  are  arranged  In  parallel  layers,  and  In  each  layer, 
the  axes  of  the  molecules  are  mutually  parallel  and  lie  In  the  plane  of  the  layer. 
Furthermore  there  Is  a rotation  of  the  direction  of  the  axes  from  one  layer  to  the  next. 
The  angle  of  rotation  Is  constant.  An  Interesting  characteristic  of  cholesteric  materials. 
In  so  far  as  display  applications  are  concerned,  la  that  they  will  change  colour  under 
the  Influence  of  a dc  field.  Despite  this,  little  effort  has  been  devoted  to  their  de- 
velopment as  a display  technique. 

Nematic  materials  {y))  demonstrate  the  least  orderly  crystalline  structure.  Their  only 
characteristic  Is  that.  In  a passive  state,  the  molecules  are  aligned  with  their  longi- 
tudinal axes  mutually  parallel. 

Various  electro-optic  effects  of  nematic  materials  can  be  exploited  to  produce  display 
devices  (40).  The  moat  common  of  these  are  : 

- dynamic  scattering, 

- electrically  controlled  brlefrlngenoe  and 

- twisted  nematics. 


Dynamic  scattering  Is  a current  effect.  In  nematic  compounds  the  electric  dipole  moment 
does  not  lie  along  the  molecular  axis.  The  result  of  this  Is  that  application  of  an 
electric  field  causes  Ions  to  flow,  resulting  In  a space  charge  building  up, and  the  con- 
sequent shear  forces  cause  turbulence  of  the  molecular  arrangement  and  changes  In  the 
refractive  Index.  Thus,  what  Is  normally  a transparent  liquid,  will  scatter  light  when 
a field  la  applied.  To  exploit  this  effect  a thin  layer  of  nematic  material,  normally 
5-X)  microns  thick,  is  sandwiched  between  two  glass  plates  with  transparent  conductors 
deposited  on  their  Inner  surfaces.  The  crystals  can  be  either  In  a homeotroplc  or 
homogeneous  state,  l.e.  the  molecules  are  aligned  either  normal  to,  or  parallel  to,  the 
electrodes.  Desired  all^ment  can  be  achieved  by  a number  of  different  methods  (4l), 


Figure  l6  Illustrates  how  dynamic  scattering  can  be  exploited.  In  the  direct  viewing 
mode  (a)  the  llglit  source  Is  directed  obliquely  through  the  layer  and  the  element  will 
appear  dark  to  the  observer  until  a field  Is  applied  to  the  cell  when  the  transmitted 
light  will  be  diffused.  Thus  the  coll  behaves  as  a simple  optical  shutter.  A reflective 
device  (b)  Is  similar  to  direct  viewing  except  that  ambient  llglit  Is  used  together  with 
a reflecting  rear  surface.  The  advantage  of  this  technique  Is  that  the  brighter  the  am- 
bient light  then  the  brlgliter  will  bo  the  display.  Figure  16  (c)  Illustrates  how  dynamic 
scattering  can  be  used  to  construct  a projection  display. 
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FIG  t6,  EXPLOITATION  OF  DYNAMIC  SCATTERING  EFFECT 


<Vr^  intrlnslo  dlsadvontags  of  dynamlo  scattering  Is  the  comparatively  slow  response. 

Because  the  cost  of  Individual  addressing  of  each  display  element  would  be  prohibitive 
for  a display  of  more  than  several  characters,  multiplexing  must  be  used.  This  means 
that  each  elemnt  must  be  pulsed.  But  the  voltage  required  to  switch  this  device 
Increases  rapidly  as  the  mark  to  space  ratio  of  the  pulse  train  Is  reduced  (see  figure  17). 


For  both  X-Y  addressed  matrices 
and  multiplexed  alpha-numeric 
displays  this  la  particularly  disadvan- 
tageous because  half  addressed  elements 
will  turn  on  If  the  peak  voltage  exceeds 
by  two  or  three  times  the  threshold  vol- 
tage. Dual  frequency  addressing  can  be 
used  to  overcome  this  disadvantage  (4?)  (4j). 

Electrically  Controlled  Birefringence 
(ECB)  Is  a field  effect.  If  a nematic 
liquid  Is  In  a homeotroplc  stats,  l.e. 
the  molecules  are  aligned  perpendicu- 
larly to  the  electrodes,  then  the  bire- 
fringence of  the  device  can  be  controlled 
by  applying  an  electric  field.  If  light 
Is  passed  through  a polarizer,  then  through 
the  device  and  through  a second  polarizer 
at  90°  to  the  first,  the  device  will  ap- 
pear dark  If  unactlvated.  Application  of 
an  electric  field  will  cause  ll^t  to  be 
transmitted  and  the  wavelength  (or  colour) 
of  the  transmitted  light  will  depend  on 
the  voltage  applied. 

ECB,  although  offering  a large  multiplexing  capability,  suffers  from  a very  narrow  field  of 
view  and  difficulties  of  device  manufacture. 

Twisted  nematic  devices  have  the  molecules  allfned  parallel  to  the  electrodes  but  the  direc- 
tion of  the  longitudinal  axes  of  the  molecules  varies  through  the  liquid  layer  from  one 
electrode  to  the  other.  Plane  polarized  light  passing  through  such  a device  will  have  Its 
plane  of  polarization  rotated.  Application  of  a voltage  will  tend  to  straighten  the  helix 
arrangement  of  the  molecules  and  change  the  angle  of  rotation  of  the  plane  of  polarization. 

Thus,  placed  between  two  polarizers,  this  djvlce  has  a high  contrast  ratio  and  a sharp 
threshold. 

A comparalson  of  the  three  electro-optic  effects  and  the  present  state  of  the  art  Is  given 
In  table  ? ! 
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Dynamic  scattering 

ECB 

Twisted  nematics 

Effect 

Current 

field 

field 

Drive  (volts) 

10- XI 

4 

2-4 

Current  (/lA/cm  ) 

10 

1 

1 

t (rise)  (msecs) 

lO-PO 

10 

10 

t (decay)  (msecs) 

lOO-POO 

100 

100 

TABLE  2 I Characteristics  of  nematic  liquid  crystals. 
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Mamory  can  ba  provided  with  liquid  crystals  by  adding  1-2;*  of  a cholesteric  material  to  a 
nematic  material.  Writing  Is  then  possible  at  a low  frequency  whereas  a high  frequency  will 
erase,  dtorage  of  several  months  has  been  achieved  In  this  way  but,  at  the  moment,  the 
amplitude  of  the  erase  signal  Is  very  high. 

4.^<  3as  Discharge 

The  glow  discharge  phenomenon  which  can  be  Induced  In  certain  gases  under  certain 
conditions  has  been  exploited  for  display  purposes.  Both  ao  and  dc  devices  have  been  developed. 
The  ac  device  has  Inlierent  memory.  However  dc  devices  can  also  be  built  with  memory.  Both 
types  are  most  suitable  for  large  panel  displays  of  a matrix  of  small  closely  spaced  cells 
addressed  by  orthogonal  sets  of  parallel  electrodes.  However  both  methods  also  lend  them- 
selves to  bar  matrix  alpha-numeric  Indicators. 

Fig.  l8  shows  the  usual  construction  of  a dc  gas  discharge  panel. 
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FIG  18  CONSTRUCTION  OF  A DC  GAS  DISCHARGE  PANEL 


The  electrodes  are  typically  thick  film  conductors  fired  onto  the  Inner  surfaces  of  the 
glass  plates.  They  coincide  with  the  rows  and  columns  of  cells  which  are  etched  In 
the  photosensitive  glass  spacer.  The  cell  contains  a gas,  the  most  common  being  neon. 
Appropriate  signals  applied  to  a pair  of  anode-cathode  address  lines  will  fire  the  cell 
at  their  Intersection.  The  striking  voltage  depends  on  several  factors  such  as  gas  used, 
pressure,  spacing  between  electrodes,  etc.  Usually  a bias  voltage  of  150-250  V Is  applied 
permanently  between  anodes  and  cathodes  and  half  address  pulses  superimposed  on  both 
electrodes  to  ifjilte  the  appropriate  cell  or  cells.  The  half  address  pulse  applied  to 
a single  electrode  plus  the  bias  voltage  must  not  fire  any  non-addressed  cells.  Therefore 
the  spread  of  the  striking  voltages  must  be  kept  to  a minimum.  Mean  brightness  Is  typically 
100  ft.L.  Reliability  Is  affected  by  sputtering  but  the  effect  of  this  can  be  reduced  by 
recessing  the  cathodes  and  providing  sputter  traps  between  adjacent  cells  (44).  Memory 
can  be  obtained  by  providing  a resistor  in  series  with  each  cell.  This  can  bo  achieved 
by  printing  and  firing  the  resistor  onto  the  glass  substrate  using  high  resistivity  thick 
film  Inks  (45),  or  by  evaporating  thln-fllm  resistors  (46).  Because  In  this  case  the 
addressed  cells  are  permanently  on,  brightness  values  of  1000  ft.L.  can  be  achieved. 

Self  scanning  gas  discharge  alpha-numeric  displays  have  been  developed  using  a technique 
which  allows  the  transfer  of  the  glow  discharge  from  one  cathode  electrode  to  an  adjacent 
cathode  (47).  A panel  using  this  technique  has  also  been  built  with  grey  scale  (43). 


Pig.  19  shows  the  construction  of  an  bo  discharge  panel 


riG  19  CONSTRUCTION  OF  AN  AC  GAS  DISCHARGE  PANEL 


Conparlng  this  with  fig.  l8.  It  will  be  seen  that  the  essential  difference  Is  that  the 
electrodes  of  the  ac  panel  are  not  In  contact  with  the  gas.  This  Is  usually  achieved 
by  depositing  a dielectric  layer  over  the  electrodes.  The  electrodes  are  thus  eapacltlvely 
coupled  to  the  cells  and  the  device  must  be  ac  driven. 

The  advantage  of  the  ac  panel  over  the  do  device  Is  that  the  former  exhibits  Inherent 
storage  (49),  This  Is  bast  explained  by  reference  to  fig.  SO,  which  Illustrates  the 
voltage  and  current  waveforms  associated  with  the  different  phases  of  operation. 

Consider  the  operation  of  a single  cell.  A maintaining  voltage,  Vm,  la  applied  to  the 
electrodes  permanently,  (fig.  £0a).  Py  capacitive  coupling,  a similar  voltage 
exists  across  the  cell  but  It  Is  arranged  that  this  cell  voltage  Is  below  the  required 
striking  voltage.  Vs,  as  shown  In  the  first  part  of  fig.  20c.  At  time  t a positive 
pulse  (fig.  20b)  Is  superimposed  on  the  maintaining  voltage  thus  taklng'*^the  voltage 
across  the  cell  above  Vs.  The  cell  fires  and  electrons  and  Ions  separate  to  create  an 
additional  wall  charge  voltage  across  the  cell  which  opposes  the  applied  voltage  and 
extinguishes  the  discharge.  The  residue^,  wall  charge  Is  such  that  It  will  now  aid  the 
voltage  bulld-up  during  the  next  half  cycle  and  therefore  the  maintaining  voltage  alone 
will  be  sufficient  to  take  th,'  cell  voltage  beyond  Vs  and  cause  another  discharge.  At 
each  discharge  a reversal  of  the  residual  wall  charge  will  occur  and  the  cell  will 
fire  every  half  cycle  (fig.  20  o 4 d).  Tills  will  continue  until  such  time  that  the 
coll  Is  erased.  To  achieve  ensure  a negative  pulse  (fig.  20b)  Is  superimposed  on  the 
maintaining  voltage  at  time  t^  such  that  It  opposes  the  reversal  of  the  wall  charge, 
reducing  It  to  zero.  The  cell  then  reverts  to  the  off  state. 

A display  panel  has  been  built  with  multiple  states  offering  the  possibility  of  grey 
scale  (50). 

Typical  operating  characteristics  Include  a maintaining  voltage  of  2OO-250V  at  50-250  KHz. 
Half  switching  pulses  are  typically  50-6OV.  Brightness  Is  of  the  orAer  of  50  ft.L.  but 
Is  dependent  on  frequency  of  the  maintaining  voltage. 
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The  most  suitable  p;as  for  both  do  and  ao  devices  Is  neon  which  limits  the  colour  of  the  dis- 
play to  the  orange-red  glow  typical  of  this  gas.  However  other  colours  are  possible  by  using 
a gas  such  as  xenon,  which  emits  ultra-violet  radiation.  In  conjunction  with  a phosphor  de- 
posited on  the  cell  walls  which  Is  excited  by  IT/  light  (51).  Alternatively  phosphors  excited 
by  low  energy  electrons  can  be  used  {5?)- 

4.5  Addressing 

The  advanced  techniques  discussed  above  are  generally  suitable  for  alpha-munerlo 
and  dynamic  data  displays,  althougli,  because  of  particular  characteristics,  certain  are  more 
suited  to  one  or  the  other  of  t lese  applications. 

In  so  far  as  alpha-numeric  displays  are  concerned  there  are  two  possible  methods  of  dis- 
playing a character  : the  segmented  matrix  and  the  dot  matrix.  Tliese  are  Illustrated  In 
figure  PI.  The  7 bar  segmented  matrix  (fig.  ?la)  Is  sufficient  for  the  numerals  0-9  and 
a limited  number  of  letters  but  the  l6  bar  version  Illustrated  In  figure  Pl(b)  Is  requlrt;d 
for  a full  alpha-numeric  capability.  With  a dot  matrix,  the  larger  the  matrix  then  the  less 
will  be  the  limitations  on  character  shape  or  font.  However,  the  larger  the  matrix  the  more 
complex  will  be  character  generation  and  addressing.  A J5  point  matrix  (7x5),  as  shown  In 
figure  21(c)  Is  usually  considered  the  best  compromise. 
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FIG  21  TYPICAL  NUMERIC  AND  ALPHA  NUMERIC  MATRICES 


iJlth  the  seRnented  matrix,  character  generation  Is  simpler  and  therefore  cheaper  but  a 
7x5  dot  matrix  generally  gives  a more  pleasing  character  font  and  the  possibility  of 
a larger  number  of  special  symbols. 

Character  generatoi'S  are  available,  off  the  shelf,  for  both  methods.  In  each  case  they 
accept  a standard  6 or  7 bit  data  code  such  as  an  ISO  or  the  ASCII  code  and  convert  this 
to  a 7 or  l6  bit  parallel  output  for  the  segmented  matrix, or  a 55  bit  paraliel/serlal 
output  for  the  dot  matrix.  In  this  latter  case  the  character  generator  outputs  sequentially 
the  5 columns  of  the  character  foruat  on  7 parallel  lines.  For  such  a character  generator 
an  additional  5 bit  Input  Is  required  to  define  the  column  to  bo  output  and  to  control 
Its  timing.  Special  character  generators  are  also  available  which  output  the  55  dot  character 
row  sequentially  on  5 parallel  outputs.  As  for  the  configuration  of  an  alpha-numeric  dis- 
play, we  can  distinguish  three  basic  elements;  the  memory,  the  character  generator  and  the 
display  element.  Either  the  character  generator  can  precede  the  memory  or  It  can  come  between 
the  memory  and  the  display.  Furthermore  the  character  generator  may  or  may  not  be  time  shar-'d. 
The  configuration  will  depend  on  display  captclty,  characteristics  of  the  display  technique, 
etc.  (5^). 

In  a static  array  all  characters  are  permanently  on.  This  nv»ans  that  either  each  character 
has  Its  own  character  generator  Interposed  between  the  memory  and  the  display  or  the  memorTr 

follows  the  character  generator,  there  being  1 bit  of  memory  for  each  display  element.  The 

former  solution  Is  expensive  In  character  generators,  th"  latter  Is  only  suitable  If  the  dis- 
play technique  has  Inherent  or  integrated  memorY. 

If  ♦'  e display  technique  does  not  have  Inherent  rixTraory  then  time  sharing  the  character 
gene,  'or  requires  that  the  display  Is  continually  refreshed.  This  must  bo  done  at  a sufficient 
rate  to  avoid  flicker.  However  the  rate  at  which  the  display  can  be  refreshed  depends  on  the 
rise  time  of  the  display  technique  and  the  number  of  characters.  Furthermore  tl;e  effective 
brlgliiness  will  depend  upon  duty  cycle  of  the  Individual  elements,  the  duty  cycle  being  defined 
as  the  ratio  of  "on"  time  to  "off"  time. 

For  time  shared  arrays  various  options  are  open.  A display  can  be  refreshed  character 
sequentially,  i.e.  one  character  at  a time.  The  duty  cycle  therefor"  for  an  h character 
display  Is  l/N.  For  a 7 x 5 dot  matrix  display  a 55  bit  buffer  memory  .must  b"  !nt"rpo::ed 

between  the  character  generator  and  the  display  and  an  fJ  poslllor.  scanrir.-  elr"ult  must 

be  provided  (see  fig.  2?). 
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FIG  22  CHARACTER  SEQUENTIAL  ADDRESSING 


Alternatively  the  display  can  be  driven  column  sequentially  as  shown  In  figure  23.  In  this 
case  no  buffer  menorj'  Is  requlr-’d  and  only  7 drivers  Instead  of  35  but,  on  th«  other  hand 
a 5 X ’J  scanning  circuit  Is  required  and  the  duty  cycle  falls  to  l/5N. 


DRIVERS 


2 CHAR 
A GEN" 


COLUMN 

SELECT 

, 

iL 

L 

FIG  23 

COLUMN  sequential  ADDRESSING 

SCANNER 

SS  tiT 

■UFFER 

ORtVCRS 

598 


Flpiure  Illustrates  a row  sequential  character  drive.  In  this  case  the  maximum  duty  cycle 
Is  approximately  14^  but  does  not  decrease  much  with  an  Increase  In  the  number  of  characters. 
A character  generator  which  outputs  the  character  Information  row  by  row  Is  required. 
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FIG  24  ROW  sequential  addressing 
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Referring  to  fig.  fit  the  sequence  Is  as  follows  : the  first  charact<'r  code  Is  applied  to 
the  Input  of  the  character  cenerator  and  the  row  select  input  Is  addressed  to  enable  the 
output  of  the  5 bits  of  the  character's  flr.st  row.  "Ills  Information  Is  steered  Into  the 
row  store  of  the  first  character.  The  second  character  Is  then  presented  to  the  character 
generator  and  Its  first  row  of  Information  similarly  fed  to  the  row  store  of  the  second 
character.  This  Is  continued  until  the  row  stores  all  contain  the  first  row  Information 
of  all  the  characters.  The  scanner  then  selects  the  first  row  of  the  matrix  and  all  the 
elements  are  driven  In  parallel.  The  row  stores  are  then  cleared  and  the  process  repeated 
for  the  second  row.  This  continues  until  the  last  row  has  been  displayed.  The  cycle  Is 
then  repeated.  The  high  duty  cycle  and  simple  scanning  circuits  are  achieved  at  the  expense 
of  5 X N bits  of  row  storage  and  5 ^ f»  drivers. 

A simple  calculation  will  show  that,  assuming  a character  generator  response  time  of 
1 /usec.  and  a display  refresh  rate  of  9^0  Hz.  then  to  display  100  characters  the  duty 
cycle  will  bo  approximately  1?^.  (This  compares  with  1%  In  the  case  of  the  character 
sequentl  il  method). 

A dynamic  data  display  refers  to  a display  of  synthetic  data  such  as  a comput'-T  processed 
radar  display  or  a flight  plan  track  display.  Wo  must  therefore  consider  displays  of 
several  hundred  lines  resolution. 

One  way  of  exploiting  advanced  display  techniques  for  a dynamic  data  display  would  be 
to  provide  a systematic  scan  similar  to  a television  raster.  This  has  been  shown  to  be 
feasible  using  a plezo-voltal c crystal  In  conjunction  with  a field  effect  electroluminescent 
panel  (5*0.  Hut  to  benefit  from  such  a technique  would  require  the  display  store  to  bo 
organized  and  scanned  similarly  to  the  display  matrix.  For  a display  of  1000  lines  of 
1000  points  this  would  require  lO*"’  bits  of  memory  for  a monochrome  display  without  grey  scale. 
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nterafors  tha  only  practical  meana  of  addrasalng  a dynamic  data  display  Is  to  provide  random 
access.  Proposals  have  been  made  to  use  scanning  lasers  to  randomly  address  display  panels 
but  any  such  device  would  suffer  from  two  of  tha  disadvantages  of  the  CRT  which  we  would  like 
to  eliminate  , that  Is  the  physical  dimension  and  the  requirement  for  switching  voltages 
of  several  kV  of  present  laser  deflection  techniques. 

A practical  alternative  for  random  access  addressing  Is  coordinate  or  cress  bar  addressing 
In  X and  Y.  Even  so  a display  of  1000  x 1000  lines  resolutions  will  require  SOOO  address 
lines.  Considerable  effort  Is  now  being  directed  towards  the  development  of  techniques  for 
addressing  matrix  display  panels  and  one  of  the  potential  solutions  receiving  some  atten- 
tion Is  the  use  of  submatrloes  In  the  addressing  circuits  to  reduce  the  number  of  lines. 

There  are  other  problems  which  must  be  taken  Into  account  when  considering  the  display  drive. 
As  we  have  already  seen  the  display  must  be  refreshed  at  a sufficient  rate  to  avoid  flicker. 
Techniques  with  slow  switching  speeds  Impose  constraints  on  the  rate  at  which  Information 
can  be  written.  Furthermore  the  duty  cycle,  and  therefore  the  refresh  rate, will  affect  the 
luminance. 

One  answer  to  some  of  these  problems  Is  a technique  with  Inherent  memory.  This  will  not  re- 
duce the  complexity  of  the  scanning  or  selection  circuits  but  It  will  eliminate  the  require- 
ment for  high  refresh  rates  which  Inposes  constraints  on  the  amount  of  data  displayed.  Per- 
manent data  may  be  written  once  only  and  changing  data  will  be  erased  and  rewritten  as  re- 
quired. 


4.6  Advanced  Techniques  In  ATC  Display  Systems 

It  Is  probably  true  to  say  that  advanced  techniques  are  now  developed  to  such  a point 
that  they  may  be  applied  to  certain  ATC  display  requirements. 

Early  applications  of  the  advanced  techniques  have  been  to  alpha-numeric  displays.  The  first 
devices  to  appear  on  the  market  were  single  character  modules.  These  were  soon  extended  to 
3 or  4 eharaetors  per  modulo  and,  no  doubt  with  the  fast  expanding  market  for  desk  top  cal- 
culators In  mind,  further  developed  to  9 snd  16  characters. 

There  are  many  minor  requirements  In  ATC  systems  for  very  limited  alpha-numeric,  or  simply 
numeric,  arrays  such  as  digital  clocks  etc.  which  can  therefore  already  be  fulfilled  by 
these  techniques. 

Large  tabular  data  displays  are  becoming  more  common  In  ATC  with  the  Introduction  of  auto- 
matic data  processing.  Such  displays  have  capacities  of  an-thlng  from  500  characters  up- 
wards. If  we  consider  the  state  of  the  advanced  technique.'  an  they  stand  today,  Jur,ction 
electroluminescence  can  be  ruled  out  as  a potential  technique  to  fulfil  such  a requirement 
because  of  Its  unsuitability  for  large  capacity  displays.  X-Y  addressing  would  be  essential 
to  minimise  drive  and  scan  circuits.  Furthermore  to  eliminate  what  would  otherwise  be  an 
Insurmountable  problem  of  continuously  refreshing  the  data,  either  a technique  with  Inherent 
memory  should  be  used  or  the  display  divided  Into  negments,  each  one  having  Its  own  charac- 
ter generator,  drive  and  scanning  circuits.  The  former  solution  at  the  moment  could  only 
be  served  by  the  gas  discharge  panel,  but  certain  liquid  crystals  also  have  a potential 
to  provide  storage  displays. 

Dynamic  data  displays  differ  from  alpha-numeric  tabular  displays  In  that  they  are  essentially 
large  area  displays  ( > 1000  lines  resolution)  but  despite  this  large  area  tii?  data  density 

Is  generally  low.  They  display  a mixture  of  static  or  quasl-statlc  data  such  as  vector  maps, 
etc.  and  continuously  and  sometimes  rapidly  changing  data  such  as  aircraft  tracks.  They  will 
also  contain  characters  and  symbols  arid  therefore  character  generation  will  be  required. 

The  problems  of  addressing  such  a display,  as  discussed  above,  are  Inhibiting  the  applica- 
tion of  the  these  techniques  to  ATC  requirements. 

However  a solid  state  radar  display  has  recently  been  developed.  Although  It  Is  simple 
In  concept  and  llmltsd  In  that  It  has  one  specific  application,  it  represents  a considerable 
step  towards  tha  use  of  these  techniques  In  ATC  systems.  The  display  Is  a distance  from 
threshold  Indicator  (DFTI)  Intended  for  monitoring  aircraft  on  the  last  few  miles  of  approach 
before  touchdown  and  Is  bright  enough  to  be  viewed  In  the  high  ambient  lighting  of  the  air- 
field control  tower  (fig.  25). 
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A matrix  of  GaAaP  dtodea  forma  the  dlaplay  medium.  Spacing  la  2.5  mm  giving  l/4  NM 
reaolutlon  on  the  approach  path.  640  dlodea  are  uaod  and  brlghtnoaa  can  bo  aa  high 
aa  lOOO  ft.L. 


Fig.  25  ! Marconi  Distance  From  Threshold  Indicator  using  OaAsP  LSD 
matrix  (photo  by  courtesy  of  Marconi  Research) 


Uo  one  has  yet  produced  a definite  requirement  In  civil  ATC  for  a largo  screen  dynamic 
display.  By  large  screen  Is  meant  a display  area  of  1 sq.m,  or  more.  This  would  probably 
bo  a wall  display.  Its  great  advantage  v;ould  be  In  coordination,  for  several  viewers  could 
all  share  exactly  the  same  Information.  Hut  to  make  It  easily  Interpretable  In  such  a role 
It  would  almost  certainly  have  to  be  multi-coloured.  Certain  projection  techniques  exist 
for  producing  such  a system  but  they  suffer  from  various  disadvantages  (e.g.  poor  resolu- 
tion, response  time,  etc.).  Matrix  techniques  may  prove  to  bo  capable  of  fulfilling  such 
a requirement  If  It  arises.  If  the  problems  which,  at  the  moment,  are  holding  back  the 
development  of  a dynamic  data  display  as  discussed  In  the  previous  paragraphs  can  be  over- 
come, then  a large  screen  display  will  also  almost  certainly  be  feasible. 

4.7  Economic  Aspects  of  Advanced  Techniques 

For  the  choice  of  display  technique  in  civil  ATC  systems  cost  will  usually  be  the 
o\  irrldlng  factor.  Therefore  one  of  the  first  questions  we  must  ask  when  considering  the 
use  of  these  techniques  to  fulfill  our  requirements  Is  : "Can  we  do  It  cheaper  than  with 
a CRT?"  But  It  Is  not  sufficient  to  compare  merely  the  costs  of  the  various  possible  dis- 
play elements.  The  cost  of  ‘'he  Interface  and  back-up  equipment  will  often  be  a large  pro- 
portion of  the  total  system  cosi,. 

It  can  be  assumed  that,  at  the  present  moment  all  the  techniques  discussed  above  are  cheaper 
than  the  CRT  for  an  alpha-numerlo  display  up  to  100  characters  capacity.  Beyond  this  capacity 
gas  discharge  devices  are  particularly  Interesting,  those  using  selfscannlng  techniques 
probably  being  the  cheapest  up  to  2000  characters  capacity  and  the  ac  discharge  panel  with 
Inherent  memory  probably  proving  to  be  superior  on  a cost  assessment  up  to  and  beyond 
5000  characterL.  It  has  been  suggested  that  by  197f)  only  liquid  crystals  will  prove 


to  be  more  expensive  for  n 500  character  alpha-numeric  display.  Kor  the  complex  display 
system,  Including  both  tabular  and  dynamic  data  displays  of  an  automated  /ITC  system 
It  Is  believed  that  of  the  present  potential  advanced  techniques  ao  gas  discharge  and 
dc  selfscanning  gas  discharge  techniques  are  the  most  feasible  and  that  both  of  these 
-lay  provide  a display  system  for  considerably  less  than  the  cost  of  a CRT  system  In 
19^0. 

5.  COHaUSIOHS 

The  cathode  ray  tube  has  been  the  universal  medium  for  the  display  of  dynamic 
data  In  ATC  systems  and,  because  of  Its  versatility  and  other  advantages,  will  continue 
to  be  so  In  the  near  future.  (lowovor  there  Is  now  emerging  frofn  the  research  and  de- 
velopment laboratories  a number  of  display  techniques  potentially  more  suited  to  the 
modem  computer  driven  display  systems.  The  Incentive  of  commercial  applications  of 
these  techniques  Is  accelerating  their  development  such  that  their  performance  lo  im- 
proving rapidly  and  their  limitations  and  disadvantages  compared  to  the  CRT  are  being 
reduced  or  eliminated.  The  display  deslfqaer  of  the  future  may  be  faced  with  a choice 
of  techniques,  the  selection  of  which  will  depend  on  human  factors,  operational, 
technical  and  economic  aspects  of  the  particular  application. 
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Sunraary 

The  present  paper  attempts  to  sumarlze  the  characteristics  anu  applications  of  computers  in 
Air  Traffic  Control.  It  is  ma.nly  baseu  on  the  experience  in  the  upper  airspace. 

After  a short  suninary  of  the  different  applications,  the  general  characteristics  of  hardware 
and  software  architecture  are  discussed.  This  includes  a description  oJ  multiprocessor  and 
multicomputer  systems  with  their  specific  ATC  oriented  peripherals,  real-time  operating 
systems,  prograimiing  techniques,  data  base  and  in  particular  reliability  aspects  and  the 
associated  problems  of  recovery  management.  This  is  followed  by  a chapter  on  the  principles 
of  data  transmission  in  Air  Traffic  Control  systems.  Ihe  radar  data  processing  deals  mainly 
with  mono-  and  nultl-radar  tracking  aspects,  f-'inally  a summary  of  the  different  functions 
is  given  which  can  presently  be  provided  by  a flight  data  processing  system. 


1.  Introduction. 


It  was  at  the  end  of  the  ^'s  that  the  first  attempts  were  made  to  automate  certain  functions 
of  Air  Traffic  Control  by  using  Electronic  Data  Processing.  The  reason  was  a general  feeling 
that,  with  the  introduction  of  Jet  transport  and  the  antlclpateo  growth  of  trail ic,  serious 
consideration  should  be  given  to  automation  of  ATC. 

Almost  in  peu'allel  several  approaches  have  been  started  in  different  countries,  all  with  the 
objective  of  increasing  the  capacity  and  efficiency  of  the  system  by  improving  coordination 
methods  and  thus  releasing  air  traffic  controllers  from  routine  tasks. 

A certain  number  of  principles  were  laid  down  in  the  early  days.  For  example  the  following 
two  statements  are  extracted  from  a i aport  of  the  first  meeting  uf  the  Rules  of  the  Air, 

Air  Traffic  Services  and  Search  and  Rescue  division  of  the  International  Civil  Aviation 
Organisation  (RAC/SAR  ICAO)  of  CctpoerA'ovember  195H,  throw  some  light  on  the  initial  concept 
of  ATC  automation. 

"in  view  of  the  difficulty  of  ensuring  that  all  aircraft  will  be  fitted  with  special  airborne 
equipment,  which  has  been  designed  exclusively  for  air  traffic  control  and  which  will  always 
be  serviceable  in  the  air,  automatic  air  traffic  control  equipment  should  be  basically  ground 
equipment  and  able  to  operate  independently  of  special  equipment  in  the  aircraft.” 

"Unless  it  can  be  shown  that  the  radar  installations  concerned  have  a very  high  degree  of 
reliability  in  detecting  targets  under  all  atmospheric  conditions,  an  automatic  air  traffic 
control  system  should  not  be  based  exclusively  on  the  use  of  radar.  This  does  not  preclude 
radar  as  a primary  source  of  information  for  the  equipment,  but  any  such  use  of  radar  should 
be  supported  by  alternative  means  of  obtaining  the  position  of  the  aircraft". 

Especially  the  second  statement  may  be  interpreted  as  a general  suspicion  about  the  integrity 
of  radar  information  and  the  means  to  process  it  and  indeed  the  first  reliable  radar  data 
processing  systems,  which  departed  from  the  purely  grouno-oased  concept  in  that  they  relied 
heavily  on  the  carriage  of  secondary  radar  airborne  transponders,  became  only  operational  in 
the  late  60 's/early  70 's. 

Most  oi  the  systems  which  where  Implemented  before  that  date  therefore  used  flight  plai.  infor- 
mation and  pilot  reports  as  the  prlnuu'y  and  sometimes  only  source  of  information. 
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Alter  Mt'teeii  years  of  experience  in  ATC  automation,  computers  are  now  generally  accepted 
elements  In  modern  systems  but  one  has  nevertheless  to  admit  that  computers  have  turned 
out  not  to  be  the  magic  remedy  to  the  problems  of  ATC.  Controllers  may  sometimes  even 
leel  that  the  additional  workload  Imposed  by  the  requirement  to  keep  the  system  up-to-date 
Is  not  always  balanced  by  the  services  the  system  provides. 

To  arrive  at  the  present  situation  one  had  however  to  overcome  many  setbacks,  which  caused 
In  many  cases  considerable  delays  and  cost  overruns.  There  were  the  usual  problems  which 
anybody  has  who  tries  to  apply  data  processing  In  his  special  application  : 

! - the  limits  of  a convenient  utilization  of  "the  com()uter"  had  tiot  been  fully  appreciated 

' and  consequently  the  complexity  ol  the  software  was  irequenlly  on  a critical  level. 

- the  management  methods  used  for  system  definition  and  impiemeiitatloii  was  not  always 

f adequate  lor  the  size  and  con)  lexlty  of  the  proj.-cts.  In  particular  the  software  itinc- 

I tlons  were  sometimes  only  poorly  defined. 

J Itirtherricre  the  technology  requlrea  for  a proper  design  and  implementation  was  not  always 

available  and  success  of  some  projects  were  In  particular  dependant  on  progress  in  areas 
such  as  digital  .■■Ignal  processing,  graphic  and  alphanumeric  displays,  comjjuter  architecture 
and  special  programming  techniques. 

|i 

The  present  paper  does  not  pretend  to  give  sometlng  like  a philosophical  approach  to 
automation  In  ATC  but  Is  rather  an  attempt  to  summarize  the  applleatlon  and  characteristics 
of  computers  In  ATC,  whose  Implementation  1 as  been  shown  to  be  feasible.  It  Is  mainly 
based  on  the  EUHOCOfJTHCL  experience  and  data  processing  systems  and  makes  frequent  use  of 
internal  reports  and  documents  Issued  cn  the  n'r-aslon  of  courses  and  seminars. 

Jomputer  applications  In  Air  Traffic  Control  ‘.ATC) 

Computers  are  used  In  ATC  lor  the  following  purposes  : 

- radar  plot  extraction  and  transmission 

- exchauige  of  ATC  Information 

- pi'ocesslng  of  flight  plan  and  radar  data  In  ATC  centres 


three  applications  are  maiiuy  input/output  driven  and  require  fast  response  and  high 
reliability.  In  the  following  a summary  of  the  functions  and  the  necessary  peripherals 
Is  given  for  each  application. 

2.1.  Radar  plot  extraction  and  transmission 

The  Increasing  size  of  the  area  of  responsibility  of  ATC  centres  makes  It  necessary  to 
Implement  several  radar  stations  located  at  different  places  In  order  to  achieve  complete 
radar  coverage.  This  cntalis  a requiremet.t  to  transmit  radar  information  over  long  dls- 
tarcos.  This  aim  can  only  be  achieved  in  an  economical  way  If  the  large  amount  of 
Information  dtilvered  oy  the  radar  itself  can  be  comipressed  to  such  an  extent  that  it 
can  be  transmitted  through  normal  leased  telephone  lines. 

With  the  present  technology  radar  plot  extraction  and  transmission  control  can  best  be 
accomplished  by  a combination  of  a special  purpose  hardwired  target  detection  facility 
and  a process  control  computer.  The  task  distribution  is  frequently  as  follows  i The 
target  detection  facility  is  responsible  for  analof^dlgital  conversion,  and  some  basic 
processing,  e.g.  distance  and  azimuth  calculation.  The  computer  performs  primary  (PR) 
and  secondary  (SSR)  radar  correlation,  SSH  code  validation,  discrimination  of  reflec- 
tions, conversion  Into  transmission  format  and  control  of  transmission  lines.  The 
Integral  device  Is  called  "Hadar  Plot  Extractor".  In  some  extractors  the  computer 
tasks  are  mainly  limited  to  formatting  and  trajismlsslon  control  task.  The  computers 
used  for  this  purpose  generally  have  a limited  Instruction  set  with  an  average  execution 
time  in  the  order  of  2 /us.  The  system  is  duplicated  for  reliability  reasons  and  performs 
parallel  processing;  switchover  between  the  two  computers  in  case  of  a failure  Is  auto- 
matic. 

The  peripherals  consist  of  : 

- communications  Interfaces  for  medium  speed  synchroneous  transmission  (sometimes  slow 
start/stop  back  channels)  attached  to  a multiplexer  channel. 


- fast  channel  Interfaces  for  reception  of  data  from  the  target  detection  logic 

- magnetic  tapes  for  initial  piogram  load  and  statistics  recording. 
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- control  facilities  such  as  operator  consoles.  Inter-processor  oommunlca  ions  and 
special  monitoring  devices. 

2.2.  idtehange  of  ATC  information 

Data  which  describe  the  dynamic  environmental  condltiot.s  (e.g.  meteorological  data) 
or  a flight  (e.g.  flight  plan)  have  to  be  transmitted  to  a multitude  of  ATC-sites. 
Traditionally  this  is  done  by  semiautomatic  means  via  the  Aeronautical  Fixed  Tele- 
communications Network  (Ai'i'N),  however  even  ArTN  relay  stations  are  more  and  more 
computerized  to  reduce  the  operating  staff.  Moreover  the  unprotected  and  slow  AFTN 
telegraph  channels  (50  to  200  Baud)  are  being  gradually  replaced  by  protected  medium 
speed  lines  (2A00/A300  Baud)  controlled  by  computers.  This  new  network  comnrinicatos 
with  the  data  processing  systems  in  ATC-centres  and  aerodromes. 

The  computer  types  are  similar  to  those  used  in  radar  plot  extractors,  the  reliability 
requirements  are  however  higher  than  for  Radar  Plot  lixtractors  as  data  arc  not  repetitive 
The  processing  system  is  duplicated,  both  parallel  processing  and  restart  techniques 
are  used. 

The  peripherals  generally  used  are  : 

- communications  interfaces  for  medium  speed  synohroneous  and  slow  speed  start/stop 
transmission, 

- magnetic  tape  and  printers  for  logging  and  statistics  gathering  purposes, 

- disks  or  drums  for  program  swapping  and  to  maintain  the  message  queues, 

- display  or  printer  keyboards  for  local  or  remote  input  of  data, 

- control  facilities  as  for  the  radar  extractor, 

- high  speed  Interface  (e.g.  channel  attachment)  if  the  system  Is  connected  with  a 
host  computer. 

2.J.  Processing  of  .*'llght  plan  and  radar  data  In  ATC  centres 

Within  ATC-centres  computers  eu-e  used  in  Increasing  number  to  discharge  the  operational 

staff  from  routine  work.  In  the  course  of  development  computers  have  first  been  used 

for  the  purpose  of  printing  flight  progress  strips.  The  flight  data  were  Inserted 
manually;  strip-printing  was  done  Instantaneously  in  a central  position.  Over  the 
years  systems  became  more  sophisticated  : they  could  receive  data  directly  from  AFTTJ, 
delay  printing  of  strips  until  they  were  really  required  by  the  controllers  and  route 
them  to  the  appropriate  sectors.  The  most  advanced  systems  actually  in  operation 
provide  furthermore  facilities  to  complete  the  strip  information  dynamically  by  the 
display  of  messages  on  electronic  data  displays  (EDD)  as  a first  step  towards  a 
system  without  strips. 

The  functions  Initially  performed  by  computers  in  the  field  of  radar  data  processing 
within  ATC-centres  were  also  rather  limited,  l.e.  no  attempt  was  m-ide  to  improve  by 
means  of  a tracking  procedure  the  quality  of  the  position  'mormation  using  a smoothing 
technique  which  correlates  plots  of  the  same  target  from  several  radars  and  antenna 
turns.  The  early  systems  where  therefore  only  capable  to  receive  plot  messages  sent 
by  the  extractor  to  filter  them  In  such  a way  that  each  target  Is  aisplayed  only  once 
a.nd  finally  to  convert  the  data  into  the  format  required  by  the  radar  displays.  In 
the  next  generation  of  radar  data  processing  systems  tracking  was  introduced,  sometimes 
limited  on  SDR  data.  In  advanced  systems  the  radar  positions  are  additionally  used 
to  update  the  flight  plan  position  in  order  to  improve  the  precision  of  time  values 
used  by  the  system.  This  Is  especially  Important  if  time  critical  messages  must 
automatically  be  transmitted  to  other  centres.  In  a next  stage  of  development  the 
combined  flight  plan/radar  information  is  used  for  conflict  alerting.  These  systems 
are  in  a high  degree  EDD  oriented  and  ask  therefore  for  improved  reliability. 


I general  computer  characteristics  caii  be  given  for  this  type  of  application  because 
01  varying  requirements  and  system  architectures.  The  computing  speed.  Input/output 
capability  anl  memory  sice  reaches  from  the  upper  range  of  minicomputers  for  simple 
flight  plan  piroccsslng  (KPP]  • systems  to  large  multiprocessor  or  multicomputer 
configurations  for  combined  KPP/ radar  data  processing  (HDP)-  system..  If  a high 
Input  output  capability  Is  required  specialized  computers  frequently  perform  this 
task.  Various  restart  or  swl  ch-over  techniques  ranging  from  slow  manually  controlled 
restart  to  fully  automatic  rec  mfiguratlons  of  computing, Input/output  and  memory- 
elements  of  the  multiprocessors  are  used.  The  typical  peripherals  arc  : 

- disks  or  drums  for  memory  extei  slon  and  to  safeguard  data  for  restart  purposes, 

- magnetic  tapes  for  legal  and  stati.  tlcai  recording, 

- display  ke, boards  to  Input  fllght-plai.  eind  system  control  data  by  operators, 

- i;;.D's  for  the  display  of  manually  or  automatically  triggered  flight  Iriformation, 

- iub's  v;lth  touch  Input  device  (Till)  to  enaole  controllers  to  communicate  with  the 
system, 

- SUD's  with  the  appropriate  control  lacliltles, 

- printer  for  the  display  ol  flight  progress  strips  and  for  logging  of  operational  data, 

- communications  Interfaces  for  the  reception  of  radar  data  and  for  exchange  of  data 
with  other  centres, 

- fdcilities  for  system  control  such  as  operator  consoles,  configuration  switches 
and  special  devices  for  Interprocessor  communications  and  hardware  monitoring. 


4.  Computer  Systems 


As  already  mentioned  In  the  preoeeding  paragraph  a large  number  of  configurations  are 
currently  In  use  In  ATC-appllcatlons.  "tiey  range  from  simple  uni -processors  to  very 
complex  mu  1 'I -processor  configurations  depending  on  the  reliability  requirements  and 
the  load  to  be  handled  and  also  Include  a multitude  of  Input/output  (l/o)  choices. 


3.4.1.  Computer  hardware 


Computers  consist  of  three  basic  components  s 

- the  processor  to  decode  and  execute  Instructions  and  to  control  the  l/o  channels; 

- the  random  access  memory  to  store  progrruss  and  nata; 

- the  l/o  channel (s)  to  perform  the  exchange  of  data  between  memory  and  i/o 
devices. 

These  components  can  be  configured  In  several  ways  to  form  a suitable  ATC  system. 


tinl -processor  systems 

In  the  simplest  and  most  often  used  conventional  unl-processor  systems  only  one 
memory  and  processor-unit  but  sometimes  several  l''o  channels  exist.  These 
elements  must  be  completed  by  some  control  and  monitoring  hardware  to  make  a 
workable  computer. 

The  capacity  of  uni -processors  used  for  ATC  systems  covers  the  spectrum  from 
small  minicomputers  to  very  large  computers  : 


- Minicomputers  are  used  In  application  with  much  i/o,  little  processing  luid 
a simple  data  base.  Their  characteristics  are  typically  as  follows  : 

. core  or  semi-conductor  memory  with  a size  from  4 to  o4  K 1 ) bit  words, 
some  supervisor  functions  are  sometimes  In  read-only  memory. 

. ln.structlon  set  Is  most  suitable  for  logical  and  simple  erlthmetlcal 
operations  with  limited  tc.st  on  correctness  of  data  and  Includes  Inati'uctlons 
for  bit  and  character  handling.  The  typical  execution  time  Is  2 /us. 

. irequently  only  one  l/o  channel  (common  data  busl,  but  direct  memory 
access  for  fast  peripherals. 

. many  priority  levels  for  Interrupts  sometimes  even  with  automatic  switching 
of  the  processing  environment,  l.e.  Index  registers  and  accumulators  are 
automatlc.slly  safeguarded  when  an  Interrupt  occurs. 

. the  reliability  Is  very  high  (typical  mean  up-tlme  yXX)  to  lOCXX)  hours), 
therefore  only  llmltrd  error  monitoring  facilities  exist,  occasionally 
even  no  memory  checking  by  parity  bits. 


- Large  ootnputers  are  Ideal  for  applications  with  moderate  l/o,  extensive 
processing  and  a big  complex  data  base.  Their  characteristics  are  typically 
as  follows  : 

. core  or  semi-conductor  memory  with  a size  up  to  4 M bytes  with  byte  or  word 
structure,  access  control  by  hardware  protection  key.  Recent  systems  have 
paging  capability,  a hierarchy  of  fast  and  slow  memory  and  automatic  correc- 
tion of  parity-errors. 

. powerful  Instruction  set  for  logical,  binary  and  decimal  arithmetic  proces- 
sing with  extensive  tests  on  correctness  of  dat i,  average  execution  time  as 
low  as  500  ns,  sometimes  automatic  Instruction  retry  on  the  occurrence  of 
failures  and  special  Instructions  for  selective  resetting  of  hardware. 

. several,  independant  multiplexer  and  selector  channels,  with  capability  for 
chaining  of  commands  and  retry  of  transfers  on  detection  of  unexpected 
conditions. 

. moderate  reliability,  depending  on  computer  size  mean  up-tlme  between  2^0 
and  5^)0  hours.  Advanced  and  sophisticated  hardware  surveillance  features 
and  the  modular  hardware  structure  allow  however  to  continue  the  system 
operation  In  a degraded  mode  or  at  least  a controlled  system  shut-down. 

Modular  multi-processor  systems 

Single  uni -processors  do  not  satisfy  the  reliability  requirements  of  ATC  systems 
and  have  the  Itirther  disadvantage  that  a completely  new  system  must  be  Installed 
when  the  load  exceeds  their  capacity.  To  solve  both  the  reliability  and  the  load 
problem,  modular  multi-processor  systems  have  especially  been  developed  for  ATC 
systems. 

Modular  multi-processors  combine  several  Independant  memory  modules,  processors 
and  1/0  processors  Into  one  big  computer.  The  principles  of  such  a configuration 
are  shown  In  figure  1 : 
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Fig.  1 : Multiprocessor  system 


A number  of  processing  elements  (PE)  without  l/o  capability  have  access  to  a 
number  of  Independant  memory  modules  (MM).  Specialised  Input/output  processing 
elements  (IfiPE)  with  access  to  the  earn!  memory  modules  are  responsible  for  the 
1/0  operations.  An  IjOPE  again  consist;,  of  a processor  and  l/o  channels  as 
described  above. 

PE's  are  the  computational,  logical  and  control  elements  and  dispose  therefore 
of  special  Instructions  for  the  control  of  the  system,  e.g.  to  define  the  status 
of  mm's  and  IlJPE's  and  thj  allocation  of  preferential  storage  to  l/SPE's.  PE's 
Inform  10  PE's  of  an  i/o  request  and  vice-versa  IfJPli's  inform  PE's  of  termination 
of  1/0  operations  through  special  Instructions.  The  real  data  are  however  passed 
via  shared  storage. 


The  configuration  control  and  monitoring  facilities  allow,  by  manual  Intervention 
or  automatically,  to  establish  several  modes  of  operation  and  control  of  the  PE*  ■5, 
which  monitor  each  other,  W's  and  10PE's  : 

1.  All  elements  cooperate  In  a single  system  In  order  to  Improve  processing  and 
l/o  capacity. 

Most  elements  operate  as  mentioned  under  1,  but  some  are  In  a stand-by  mode 
and  only  become  operational  If  an  active  element  falls. 

3.  Elements  are  grouped  to  form  several  Independant  systems,  e.g.  the  majority 
forms  the  operational  system  and  a mlnlsystem  consisting  of  only  one  element 
of  each  type  Is  under  maintenance. 

The  best  known  special  purpose  ATC  multi-processor  Is  the  IBM  0020  system.  It 
Is  built  of  componen's  from  IBM  >d0/50  ar.d  3o0/b|j  computers.  Each  system  may 
consist  of  maximum  of  A PE's,  3 I/3PE*s  and  12  Mi's  of  }2  K words  each,  lllPE's 
are  system  >60  CPU's  with  2 selector  and  one  multiplexer  channel  each.  The 
mean-up  time  Is  calculated  to  be  of  the  order  of  3U.OOO  hours. 


Miltlcomputer  systems 

Though  standard  multi-processor  systems  (e.g.  UUIVAC  1100  series)  Itiiflillng  most 
of  the  above  requirements  are  becoming  more  common,  majiy  ATC  systems  being  actually 
operational  or  under  development  belong  to  the  family  of  multi-computer  systems 
composed  of  universal  computers,  (fig.  2) 
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Klg,  2 ; Multi-computer  system. 


Basically,  two  types  of  multi -computer  systems  can  tie  dlstlngul.shei  : 

- the  hierarchical  host  satellite  system  with  the  main  purpose  to  discharge  the 
powerful  host  from  i/o  processing  and 

- the  system  with  loosely  coupled  computers  of  the  same  size  to  achieve  lall  safe 
operation. 

Host  -satellite  system 

Host  and  satellite  are  linked  via  channel-to-channel  links  to  exchange  operational 
data  and  commands.  They  are  generally  In  a master-slave  relation,  l.e.  me  satelll’ 
Is  under  complete  control  of  the  ho.st,  which  act.s  as  the  primary  computing  element 
of  the  system  and  which  maintains  "he  data  base.  It  therefore  disposes  of  the 
back-grouni  peripherals  such  as  disk  and  magnetic  tapes.  ;he  satellite  or  front-er.l 
processor  perform;;  l/o  operations  with  transnlsblon  lines  and  the  lore-ground  peri- 
pherals such  as  displays  and  Inpu-  devices  used  by  the  operational  stall.  It  may 
be  loaded  with  programs  from  a cassette  recorder  or  from  the  host.  Jeveral  satel- 
lites arc  frequently  linked  with  the  host,  a typical  example  of  such  a 8y;;tem 
being  minicomputer-equipped  .TldD's  connected  to  a central  computer. 
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The  reliability  of  such  a system  Is  normally  Identical  with  that  of  the  host.  In 
some  applications,  however  It  Is  possible  to  use  the  front-end  processors  to 
provide  minimum  services  during  host  outage  e.g.  It  Is  possible  to  run  the  mini- 
computers in  SUD's  In  an  autonomous  mode. 

loosely  coupled  system 

'IVio  or  sometimes  three  identical  of  a capacity  that  anyone  could  handle  the 
complete  load  are  coupled  via  processor- to-processor  links  which  are  used  for 
mutual  status  testing  and  abnormal  condition  alerting.  Only  one  of  the 
computers  performs  the  actual  work,  the  others  are  In  a stand-by  position.  The 
exchange  of  normal  data  Is  via  shared  discs  or  occasionally  via  a high-speed 
chajmel-to-channel  link.  Foreground  and  background  peripherals  are  via  multiple 
access  devices  hardwarewlse  accessible  from  all  computers.  The  exchange  of  data 
with  a particular  peripheral  is  normally  restricted  to  the  computer  which  has  by 
a reserve  command  temporarily  monopolised  the  acceas  path.  In  many  systems  the 
reservation  is  unconditionally  released  by  a tlnie-out.  In  other  systems  th's  must 
be  done  by  a ccmmsnd.  In  the  latter  case  the  computers  must  be  capable  to  reset 
each  other  to  force  the  release,  when  the  computer  which  has  reserved  the 
peripherals  .alls. 

The  hardware  reliability  of  a system  which  consists  of  two  computers  of  the  process 
f'  control  type  Is  sufficient.  A third  computer  Is  however  advisable  for  systems 

which  consist  only  of  large  universal  camputers  due  to  the  relatively  low  reliabi- 
lity of  these  computers. 

Some  existing  ATC  systems  combine  the  host-satellite  principle  with  the  loosely 
coupled  system,  e.g.  the  KAUAP/KAULliAP  systems  described  later  in  this  volume  : a 
loosely  coupled  main  computer  system  as  d« scribed  above  controls  a front-end 
processing  system  with  a sufficient  number  of  redundant  memners.  Kach  main 
computer  has  access  to  each  front-end  processor  and  the  background  peripherals. 

All  iront-end  processor.^  are  Identical  and  have  access  to  all  foreground  perl-  | 

pherals  Including  the  lines  to  receive  radar  data.  Kadar  emergency  processing 
Is  therefore  possible  during  an  outage  of  the  complete  main  computer  system.  | 

P.A.2.  Peripherals 

Kost  of  the  peripherals  of  an  automated  ATC  system  operate  In  the  technical  back- 
ground and  only  a very  limited  group  is  concerned  with  man-machine  commmlcations 
and  Is  directly  used  by  the  operational  staff,  l.e.  they  work  In  the  operational 
foreground.  Mon-machine  peripherals  consist  of  : 

- synthetic  data  displays  (SUC)  for  the  presentation  of  radar  information;  | 

- the  family  of  the  electronic  data  displays  (EDD)  mainly  used  for  the  Input  and  | 

output  of  flight  data.  It  Includes  the  display  keyboards  and  the  EDD  touch-  I 

Input  devices  (TIP);  i 

- the  different  types  of  prlnter.i  used  for  printing  of  flight  progress  strips  and  j 

for  logging  purposes. 

It  is  a common  particularity  of  most  of  the  above  devices  that  they  are  nearly 
exclusively  used  In  ATC  applications,  they  are  therefore  very  expensive  and  only 
offered  oy  a very  few  llrms.  Their  duplication  is  sometimes  Impractlble  for 
operational  or  financial  reasons  and  full  availability  nxjsl  therefore  be  achieved 
by  a high  Inherent  reliability  and  by  a design  and  .manufacturing  which  allow 
fast  repair. 

The  auxiliary  peripherals,  which  work  in  the  Wmchnlcal  background  however  are  in 
most  cases  standard  products,  which  are  offered  with  Identical  or  at  least  similar 
characteristics  by  a numoer  of  firms,  '."he  following  devices  belong  to  the  auxiliary 
peripherals  : 

- discs  or  drums  used  for  memory  extension  and  to  safeguard  data  for  restart 
purposes; 

- magnetic  tapes  are  mainly  used  for  logging  purposes,  but  In  some  applications 
also  to  Input  off-line  generated  data  and  for  restart  purposes; 

- line  Interfaces  for  the  reception  and  transmission  ol  radar,  flight  and  meteo- 
rological data. 


In  practice  all  devlcea  must  normally  be  connected  with  several  computers  and 
must  therefore  be  equipped  with  multiple  access  switches.  They  should  be  designed 
In  such  a way  that  a falling  computer  can  never  hold  the  connection  for  an  In- 
definite period. 

Mar-machine  peripherals 
Synthetic  data  display  (SDD) 

In  automated  ATC  systems  the  SCD  also  known  as  Plan  View  Display  (PVD),  Is  the 
most  important  source  of  Information  for  the  controllers.  It  displays  digitized 
radar  information  generated  by  a computer  system  and  In  some  models  alternatively 
by  a scan-converter.  To  perform  Its  functions,  the  SDD  must  be  able  to  display  the 
following  classes  of  data  : 

- alpha-numeric  text. 

- the  dynamic  track  of  aircraft  as  delivered  by  the  radar  data  processing  system 
and  con.slstlng  typically  of  the  position,  the  speed  vector  and  an  explanatory 
text  label  with  callsign,  SSK-code,  flight  level. 

- the  environment  description  such  as  routes,  aerodromes,  sector  boundaries,  markers. 

Kor  the  active  communication  between  the  controllers  and  the  system  some  Input 
and  designation  facilities  are  provided  they  physically  exist  of  : 

- a light-pen  for  the  selection  of  a target  or  an  unlimited  number  of  functions 
under  program  control  by  designating  the  corresponding  target  or  function  label. 

- function  keys  for  the  execution  of  simple  i'unctlons,  e.g.  for  scale  setting  and 

- touch  input  devices  (TID)  for  the  composition  of  more  complex  commands,  e g. 
commands  including  the  callsign. 

- a rolling  ball  for  the  target  deslstatlon,  it  Is  normally  used  together  with 
function  keys  and  TID's  or  similar  facilities. 

In  technical  terms  this  means,  the  SDD  must  be  able  to  display  special  and  alpha- 
numeric symbols  and  vectors  of  a good  quality  on  a screen  of  about  50  cm  diameter, 
e.g.  the  picture  repetition  frequency  must  for  a brlgnt  display  be  in  the  order  of 
50  to  oO  cycles/sec.  The  load  to  be  handled  is  very  high,  typical  maximum  values 
are  ?000  characters  or  special  symbols,  50C  vectors  and  800  posltlonings  with  an 
average  length  of  1/5  screen  diameter.  Hardwarewlse  the  SDD  consists  of  a cathode 
ray  tube  with  its  associated  control  electronics  for  the  generation  of  the  deflection 
signals  required  fer  character  and  vector  display,  the  power  supplies,  a processor 
and  the  picture  repetition  store  (P8S).  The  latter  form  frequently  a separate 
unit,  which  drives  two  or  more  screens.  For  the  PUS  both  core  anl  solid  stale 
memories  are  used.  The  processor  is  sometimes  realised  by  means  of  firmware,  but 
more  frequently  PRD  and  processor  simply  consist  of  a minicomputer,  which  performs 
the  foliowing  tasks  : 

- control  the  high  speed  interface  with  one  or  two  host  computers  (operational  and 
stand-oy),  which  deliver  radar  data  and  control  Information,  e.g.  for  the  light- 
pen  operation. 

- management  of  the  data  in  the  PRS,  l.e.  storing  of  radar  data  and  if  applicable 
control  Information. 

- scaling,  l.e.  conversion  of  system  coordinates  into  the  coordinates  requested 
oy  the  particular  SDD. 

- generation  ol  artificial  afterglow  by  conserving  the  target  position  of  up  to 
five  preceedlng  antenna  turns. 

- processing  anl  If  necessary  forewardlng  to  the  host-computer  operator  Inputs 
pertormed  by  means  of  rolling-ball,  function  keys  or  light-pen. 

- and  optionally  direct  reception  of  radar  data  from  the  radar  extractor,  l.e. 

by  circumventing  the  host  if  it  is  down  and  processing  of  these  data  in  order  to 
maintain  a limited  display  of  radar  information.  The  minicomputers  in  systems 
with  thl.s  feature  are  rather  independent  from  the  host  e.g.  they  have  their  own 
facilities  such  as  cassette  recorders  for  loading  of  programs  and  data. 

Electronic  data  displays  (EDD) 

i-DD's  may  be  driven  by  a computer  or  an  operator.  They  normally  allow  to  input 
and  display  only  alphanumeric  data,  a typical  capacity  is  ?5  lines  with  80 
characters  eaol<.  The  symbols  displayed  on  the  screen  are  either  composed  of  a 
set  of  dot.d  within  a fixed  matrix  or  for  belter  readlblllty  of  a sequence  of 
short  linear  or  bent  vectors. 
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Some  recent  EDD's  have  their  own  picture  repetition  storM  and  Input  buffer  and 
have  therefore  a high  degree  of  Independence  from  the  controlling  computer,  this 
feature  Is  vital,  when  due  to  the  large  distance  EDD's  must  be  connected  via 
telephone  lines.  For  local  applications  the  memory  of  the  controlling  computer 
may  be  used  as  PHS,  A variety  of  Input  devices  exists  : 

- standard  keyboards  slinllai'  to  those  used  for  typewriter.  They  are  general 
purpose  Input  devices  and  are  especially  used  to  Input  variable  length  text 
strings  of  complex  content.  This  combination  EDlv'Keyboard  also  known  as  display 
keyboard  Is  generally  not  a special  ATC  equipment. 

- touch-input  devices  (TID)  are  widely  used  as  special  Input  devices  for  the 
controllers  to  Insert  short,  fixed  format  messages  in  a conversational  mode,  e.g. 
a clearance  Input.  Physically  they  consist  of  an  hW  and  a set  of  overlaid  keys 
or  touches.  The  function  of  each  key  Is  dynamic  under  program  control  and  Is 
displayed  o:.  the  EI'D  In  form  of  a label  under  each  touch. 

- In  a similar  way  light-pens  can  be  used  to  converse  with  a computer  system  by 
selecting  under  program  control  a symbol  or  a function  to  be  performed. 

Mjch  effort  has  been  spent  In  the  past  to  discuss  the  merits  of  llght-pen  versus 
TID.  For  some  time  the  TID  had  the  advantage  of  higher  reliability,  but  with  the 
present  technology  a pr<  ference  for  the  one  or  other  solution  depends  more  on  the 
habits  of  Individuals  than  on  rational  reasons. 

Printers 

Special  purpose  printers  are  generally  only  used  to  print  flight  progress  strips. 
Their  main  characteristics  are  : the  capability  to  print  In  two  different  colours 
or  similar,  to  adjust  on  the  begl.nnlng  of  the  strip  form  not  regarding  the  posi- 
tion of  the  form  before  the  start  of  the  print  operation.  Idealy  the  printer 
should  also  be  able  to  cut  and  eject  the  strips.  The  printing  speed  Is  in  the 
order  of  some  hundred  symbols/sec.  These  printers  are  generally  not  supplied  by 
the  computer  manufacturer,  to  ease  their  adaptation  to  computer  types,  they  are 
therefore  not  directly  attached  to  an  l/o  channel,  tait  use  a medium  speed  half 
duplex  serial  transmission  procedure  and  buffer  the  strip  content  before  printing. 

Hack-ground  peripherals 

They  are  In  general  the  standard  perlpheraus  of  the  selected  computer  type  and 
requite  in  general  no  special  consideration.  In  small  systems  prelerenee  Is  given 
to  fixed  head  discs  or  drums  because  of  their  better  reliability,  moving  head 
discs  are  mandatory  In  large  systems  because  of  the  required  space. 

The  tape  systems  used  for  host  and  satellite  computers  should  be  compatible,  to 
ease  program  production  and  analysis  cf  data  recorded  by  the  satellite. 

For  the  exchange  of  High!  Information,  the  common  start/stop  and  synchror.eous 
transmission  procedures  are  applied.  This  allows  the  use  of  standard  hardware 
Interfaces.  In  multi-computer  systems,  multipliers  provide  the  multiple  access 
facilities.  The  format  of  the  radar  data  transmitted  by  the  extractors  is 
frequently  not  compatible  with  the  usual  hardware.  In  many  cases  the  development 
of  special  purpose  Interfaces  can  therefore  not  be  avoided. 
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2,‘},  Software  principles  In  ATC  ayatems. 

A computer  In  any  application  but  In  r>artlcular  in  real-time  applications  Is  only  as 
effective  as  the  software  which  runs  It.  The  software  required  to  run,  develop  and 
maintain  real-time  systems  consists  of  i 

- software  specially  produced  to  perform  application  oriented  I'unctlons,  e.g.  reception 
and  validation  of  Might  plan  data  or  processing  of  radar  data.  The  operation  of 
this  type  of  programs  will  be  lilscussed  In  detail  elsewhere  In  this  paper. 

- system  software  which  i>crlorms  central  functions  such  as  resource  managen«nt, 
scheduling  of  and  communications  between  application  programs  and  system  control. 

This  type  cf  program  Is  known  under  the  names  real-time  operating  system,  supervisor 
or  monitor. 

- the  data  base  which  contains  all  static  and  dynamic  Information  required  by  the 
system  and  application  software. 

- a special  class  somewhere  octween  application  and  system  programs  is  concemec  with 
system  start  and  stop  and  the  management  of  back-up  facilities.  It  Is  frequently 
known  under  the  name  recovery  management. 

- the  tools  and  teclinlques  required  for  program  production  and  system  maintenance. 

2.5-1.  Heal-tlme  supervisors 

Early  real-time  systems  were  rather  unstructured,  l.e.  no  clear  distinction 
between  programs  to  perform  the  special  application  functions  and  programs 
responsible  lor  central  service  functions  existed.  Such  a structure  v;as  accept- 
able in  small,  simple  systems  programmed  oy  one  or  two  people  only,  but  ended 
In  complete  chaos  when  systems  and  consequently  programming  teams  became 
larger.  In  oroer  to  overcome  this  problem  software  systems  had  to  be  split 
Into  small  program  units  with  standard  Interfaces.  Each  program  module  In 
such  a system  with  a modular  structure  performs  a well  defined  function  and  Is 
an  In  iependant  unit  commonly  known  Wider  the  name  "task",  under  the  control  of 
a supervisor  program.  The  term  supervisor  spans  a spectrum  from  simple  executives 
as  used  In  a minicomputer  which  drives  an  SDU  to  a complete  real-time  operating 
system  with  the  lull  range  cl  support  programs  as  for  the  system.  The 

basic  functions  are  however  aiways  the  same  : 

- assynchioneous  or  cyclic  scheduling  of  task  execution  according  to  task 
priority  a.nd  availability  ol  resources  In  a multi -programming  environment. 

- Input  output  M o)  processing  which  Includes  Interrupt  handling  as  well  as 
scheduling  and  control  of  the  physical  1 o operation. 

- rna.nngement  of  Internal  resources,  l.e,  allocation  of  core  storage  and  proces- 
sing elements  In  multiprocessor  systems, 

A multitude  of  extended  central  service  arid  control  functions  are  built  around 
this  nucleus  in  more  sophisticated  supervisors.  They  consist  of  s 

- access  methods  for  all  peripherals  Including  computer-computer  links.  They 
are  the  Interface  between  basic  l/o  processing  and  1 /o  requests  of  application 
programs  and  provide  a variable  degree  of  convenience  for  the  user,  e.g. 
queuing  of  l^o  requests  and  file  management. 

- facilities  for  recording  of  transient  and  pennanent  harowarc  errors  for  statis- 
tical purposes  and  to  case  maintenance, 

- system  services  such  as  tin ;r  management,  gating  facilities  to  control  the 
access  sequence  to  either  /rograms  or  data,  generalized  routines  for  Intercep- 
tion cf  abnorn;?!  conclitlor.s. 

- debugging  tools  such  as  on-line  modification  of  storage,  tracing  ol  program 
execution,  general  or  selective  dumps  (snapshots). 

Because  of  the  stringent  response  time  requirements  and  the  particular  way  to 
use  redundancy  In  an  ATC-envIronment,  special  purpose  supervisors  are  still 
frequently  used  In  such  systems.  In  order  to  make  efficient  use  of  the  total 
capacity  of  the  hardware,  especially  of  large  systems,  the  real-time  supervisor 
should  be  able  to  run  the  normal  operating  system  as  a background  Job,  This  Is 
of  special  Importeuice,  when  a stand-by  computer  Is  Idling  most  of  Jie  time. 
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2.3.2.  Data  baan 

One  of  llte  key  problem  In  large  ATC-systema  le  the  organisation  and  design  of 
the  data  base.  Three  conflicting  requirements  have  to  be  satisfied  : 

- fast  access  to  frequently  used  data  e.g,  radar  stores  by  a many  application 
programs 

- safeguarding  of  dynamic  data  describing  flights,  the  ATC  - and  hai'dware  - 
envlrnnment  and  the  system  status  for  restart  purposes. 

- limitation  of  temporary  locking  of  data  bank  access  In  order  to  avoid 
serialization  of  program  execution. 

In  a good  compromize  the  data  base  Is  therefore  generally  spilt  Into  core 
resident  parts,  which  contain  the  most  frequently  accessed  data  and  disk 
resident  parts  which  consist  of  the  static  environment  description,  rarely 
used  data  and  the  restart  data.  Ihe  structure  of  the  dynamic  data  bank  used 
by  the  application  programs  may  be  very  simple  l.e.  In  a single  shot  strip 
printing  system  it  may  mainly  consist  of  a core  resident  flight  oriented 
directory  with  references  to  the  respective  flight  plan  records  on  disc 
containing  both  raw  and  processed  data. 

In  very  complex  systems  with  Interdependent  flight  and  radar  data  processing, 
e.g.  In  systems  with  conflict  detection  capability  the  data  bai  V,  consists  of 
many  Interweaved  lists  In  order  to  minimize  the  access  time  If  a multitude  of 
search  criteria  oust  be  satisfied.  Search  criteria  may  be  In  the  slmpllest 
case  the  callsign  to  access  a specific  flight,  but  It  may  also  be  the  totality 
of  flights  which  touch  within  a given  time  period  a route-point  or  segment,  l.e. 
all  data  elements  of  flights  passing  Uirough  a route  point  must  be  linked  via 
pointers  or  indices  with  the  data  element  that  describes  this  point.  Ihls 
requirement  leads  to  a large  Integrated  data  base  used  simultaneously  by  several 
tasks  In  a multiprogramming  or  multiprocessing  environment.  A locking  mechanism 
Is  therefore  required  to  control  tiie  access  to  such  areas.  This  Is  achieved  oy 
the  assloiment  of  keys  to  those  areas,  they  are  Inspected  by  each  program  that 
wants  to  use  data  In  this  area.  If  the  key  Is  already  set  the  program  Is  Inter- 
rupted until  the  key  Is  released,  otherwise  the  key  Is  set  to  inhibit  access  by 
other  tasks. 


The  locking  mechanism  must  be  used  with  caution  to  avoid  two  critical  situations  : 

- deadlocking,  e.g.  If  two  programs  try  to  access  the  same  two  data  areas  with 
different  lock  keys  the  condition  may  exist  that  each  program  has  enqueued 
Itself  to  one  of  the  areas  and  wants  to  access  the  other. 

Such  a situation  may  occur  If  many  areas  with  different  keys  exist. 

- serialization  of  program  execution  e.g.  most  programs  use  the  same  area  l.e.  a 
new  program  can  only  get  control  on  the  locked  area  when  the  preceedlng  program 
has  released  the  key  regardless  of  Its  priority. 

This  situation  matnly  occurs  In  large  Interlaced  data  bases. 


2.5.^.  Recovery  management. 


One  of  the  areas  where  ATC  data  processing  systems  differ  considerable  from  most 
other  real-time  systems  are  the  recovery  procedures  to  be  supplied  when  the  system 
falls.  The  term  recovery  management  Includes  functions  such  as  the  reconfigura- 
tion of  peripherals  on  the  occurrence  of  aevlce  or  control  unit  failures  and 
systems  recovery,  l.e.  system  start,  restart,  stop  and  switching  between  computers. 
Successful  recovery  Is  bound  to  the  existence  of  properly  configured  redundancy  In 
the  system  controlled  by  the  appropriate  monitoring  hard-  and  software  and  a 
contlr'ious  process  of  safeguarding  of  operational  and  system  data  during  normal 
system  peratlon  for  restoration  purposes. 


As  a rough  criterion  derived  from  exr»irience  It  can  be  assumed,  that  controllers 
performing  on-route  control  In  the  upper  airspace  can  tolerate  without  a require- 
ment for  special  actions  system  outages  In  the  order  of  : 

30-60  sec.  for  the  display  of  radar  information 
1-3  min.  for  the  display  of  flight  plan  Information. 


It  goes  without  saying  that  a more  rigorous  criterion  must  be  applied  for 
approach  control. 


IlM  lower  flguroa  apply  for  advanood  aystaao  with  a high  dagraa  of  autoMatlon  whloh 
■aka  axtanalva  uaa  of  flight  data  dlaplay  on  EDD'a.  Iha  higher  flguraa  apply  for 
■ora  oonvantlonal<  flight  prograaa  atrip  baaed  ayatana  with  aaparata  flight  plan- 
and  radai'  data  procaaalng.  In  tha  following  It  la  flrat  attempted  to  dlaouas  the 
general  prlnelplas  whloh  have  to  be  oonaldarad  for  davloa  reconfiguration  and  ayatam 
raoovary,  than  tha  different  action  to  be  followed  In  a aultloonputer  ayatam  are 
daaorlbad. 

Reconfiguration  of  peripherals. 

Pull  ayatam  operation  mat  ba  maintained  during  outage  of  peripherals.  Ttia  programa 
coneamad  with  device  reconfiguration  have  therefore  the  reaponalblllty  to  control 
the  use  of  : 

- stand-ty  units  of  auoh  peripherals,  which  are  vital  for  tha  technical  system 
operation  but  which  are  not  used  by  controllers  for  ATC-purposas,  e.g.  magnetic 
tape  units  used  for  recording  purposes  or  Interfaces  with  eonaunloatlon  lines] 

- man-machine  Interfaces  such  as  SDD's,  Q>D's  end  Input  devices  for  whloh  nonsally 
no  Idling  stand-by  device  exists.  Another  device  of  the  same  type  in  physical 
proximity  has  then  to  perform  the  functions  of  the  falling  device  in  addition 

to  its  own  tasks] 

- the  Intentional,  temporary  close  down  of  single  devices,  complete  ATC-working 
positions  or  sectors  during  periods  of  low  traffic  or  to  carry  out  preventive 
maintenance  activities. 

The  conditions,  which  nuat  always  be  satisfied,  are  to  avoid  complete  loss  of 
system  or  operational  data  and  temporary  unavailability  to  information  used  by 
controllers. 

Ideally  application  programs  should  be  relieved  from  all  reconfiguration  problems, 
i.e.  the  access  methods  should  be  the  central  place  for  all  actions  concerned  with 
device  reconfiguration.  To  achieve  this,  application  programs  must  use  fonctlonal. 
Instead  of  physical  device  addresses  and  must  be  relieved  from  all  queuing  problems. 
The  access  method  has  to  convert  tlinctlonal  into  physical  addressees  and  vice  versa 
and  has  in  case  of  a failure,  to  attach  the  message  queue  of  the  falling  device  to 
the  replacement  device.  In  order  to  make  sure  that  stand-by  devices  can  virtually 
take  over  at  any  moment,  their  right  functioning  has  to  be  monitored  continuously 
by  the  regular  exchar.ge  of  test  data  or  by  a periodic  switching  between  operational 
and  stand-by  devices.  Unfortunately  it  Is  sometimes  difficult  if  not  impractical 
to  accomplish  such  an  ideal  situation  in  a complex  conversation  oriented  multi- 
processor system.  The  problem  can  be  shown  best  by  discussing  the  special  problems 
for  some  peripherals  in  more  detail. 

Disc. 

Discs  have  an  exceptional  position  due  to  their  capability  to  safeguard  data  for 
restart  purposes  after  a system  break  down.  That  Is  why  the  data  base  should  be 
duplicated,  preferably  on  drives  attached  to  different  control  luilts. 

In  the  simplest  way  to  organize  data  the  content  of  both  discs  are  identical,  all 
write  operations  are  therefore  doubled,  whereas  read  operations  are  only  single. 

If  one  of  the  discs  falls  the  system  will  continue  Its  operation  without  any  degra- 
dation. In  order  to  protect  the  system  against  complete  outage  following  a break- 
down of  the  remaining  disc  Hs  access  has  to  be  inhibited  during  the  copy  procedure. 
The  simplest  way  to  do  this  is  to  enqueue  all  disc  accesses  until  completion  of  the 
copy. 

Displays 

The  Information  shown  on  a falling  display  must  be  transferred  to  an  alternate 
device  which  has  then  to  perform  Its  own  and  the  tasks  of  ttie  failing  device.  This 
has  to  be  done  for  all  devices  attached  to  one  control  unit  If  this  control  unit 
falls.  Safeguarding  can  he  carried  out  basic ly  in  tow  different  ways  ; 

- copies  of  all  Information  shown  on  the  display  are  maintained  in  a chain  of  records 
of  a disc  data  set  associated  with  this  device.  With  such  an  organisation  the 
conditions  described  for  a centralization  of  the  reconfiguration  actions  in  the 
access  method  can  easily  be  satisfied.  A typical  example  of  such  an  organisation 
Is  the  display  keyboard  with  a queue  of  messages  attached  to  it,  which  can  be 
dequeued  manually  by  operator  request] 
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- no  direct  copies  of  the  displayed  data  but  only  the  absolute  minimum  required 
fcr  reconstruction  of  the  data  is  kept  on  disc.  It  is  obvious  tl  ''t  in  such  a 
system  the  application  program-,  which  had  originally  created  the  data  will  be 
involved  in  the  restoration  of  the  display.  Such  an  organisation  is  well 
adapted  to  a system  with  data  of  a very  dynamic  structure,  which  are  partly 
handled  by  the  host  and  partly  by  a satellite, 

- radar  displays  require  only  little  action  due  to  the  periodic  renewal  of  radar 
Information, 

Satellite  computtrs. 

neconflguratlon  of  satellite  computers  which  perform  front-  and  processing  tasks 
for  a large  host  ccmputer  Is  of  variable  complexity  depending  on  the  functions  they 
perform.  'Ihe  relation  between  host  and  satellite  computer  may  be  master-slave  or 
the  satellite  may  operate  rather  indepoidantly  from  the  host.  It  goes  without 
saying  that  the  reconfiguration  procedures  in  the  two  cases  will  be  completely 
different. 


- If  a master-slave  relation  exists,  the  data  transfer  and  therefore  the  complete 
reconfiguration  process  is  normally  under  the  control  of  the  host.  Ihis  includes 
requesting  a dump  for  further  failure  analysis  if  an  error  occurs  and  loading 
during  start-up.  A slave  in  a stand-by  position  shall  always  be  ready  for  immediate 
take  over,  l.e.  it  is  loaded  and  nms  a monitor  prograri  which  makes  a periodic 
exchange  of  test  messages  with  the  host.  Once  it  becomes  operational  it  is 
loaded  with  the  tables  and  programs  It  requires  to  execute  its  task.  Initiation 
and  reconfiguration  attached  to  the  satellite  should  be  under  the  control  of  the 
host  to  ease  the  restart  of  a stand-by  satellite  and  to  minimize  interference 
rroblems.  Application  programs  of  the  host  are  frenquently  affected  by  the 
reconfiguration  if  no  copy  of  the  data  displayed  on  the  display  is  maintained  on 
disc.  The  procedure  described  under  displays  applies. 

- Independant  front-and  processing  systems  handle  generally  flight  plan  data,  l.e. 
non  repetitive  data.  But  as  in  a master-slave  relation,  the  exchange  of  data  is 
under  the  control  of  the  host.  To  prevent  the  system  from  loss  or  duplication  of 
data  or  a critical  delay  of  trunsmlsslon  during  reconfiguration  but  also  during 

a restart  of  host  or  front-and  processor,  the  proper  transfer  of  data  between  the 
two  has  to  be  under  the  surveillance  of  the  usual  comnunlcatlons  book-keeping 
system,  l.e  of  a message  numbering  system  associated  with  a positive  or  negative 
acknowledge  of  each  message.  Special  synchronization  messages  have  to  assure 
resynchronlzatlon  if  the  book-keeping  system  of  one  of  the  two  has  been  corrupted. 

System  start  techniques. 

A variety  of  techniques  are  used  to  resume  operation  within  a minimum  of  time  after 
the  break-down  of  amain  computer  in  a system  with  redundancy  on  this  level. 
Prerequisite  of  a restart  with  a minimum  Implication  on  the  work  of  controllers  is 
that  all  vital  data  used  before  break-down  can  be  reconstructed  during  the  restart. 
In  systems  with  periodically  renewed  data  this  occurs  automatically,  otherwise  all 
relevant  data  must  either  permanently  be  kept  on  disc  or  o stand-by  computer  must 
maintain  its  own  data  base. 


Restart  with  data  safeguarded  on  disc  is  the  most  frequent  restart  technique  in 
real-time  systems.  In  practice  two  types  arc  used  : 


The  content  of  the  dynamic  data  bank  is  periodically  dumped  onto  disc  in  the 
check-point  restart  technique.  During  that  copy  period  all  data  bank  modifica- 
tions must  be  inhibited,  l.e.  processing  is  basically  limited  on  reception  and 
buffering  of  data;  all  data-bank  modifications,  which  occur  between  two  dumps 
must  be  recorded  in  an  appropriate  sequential  data  set.  This  technique  is 
frequently  used  for  data  banks  with  extensive  linkage  between  different  stores. 
On  a restart  on  either  the  same  or  another  computer  the  last  dump  is  first 
updated  from  the  sequential  data  set,  than  processing  resumed  from  the  last 
situation  before  the  system  failed. 


In  a second  technique,  which  has  been  favou.  ed  in  the  paragraph  on  the  data 
base,  the  data  base  is  already  disc  oriented  and  all  information  is  automatically 
recorded  on  disc,  whenever  something  is  modified.  On  a restart  only  the  core 
resident  parts  such  as  directories  and  event  lists  must  be  reconstructed  from 
the  data  on  disc.  This  technique  is  frequently  used  in  big  systems.  In  a muii.1- 
computer  system  as  shown  In  figure  2 a typical  sequence  of  restart  actions  is  as 
follows  : 


InltlallMtlcn  of  tlM  roal-tlae  operating  gotem  In  the  stand-by  host-coagMter 
either  by  aanual  Intervention  or  autoaatleally  after  detection  of  a malfunction 
In  the  operational  oomputer  by  the  stand-by  computer.  This  Is  sometimes  followed 
by  reloading  of  the  front-  and  processors.  Activation  of  the  special  restart 
programs*  which  perform  functions  only  required  during  a restart  phase  such  as 
the  control  of  actions  necessary  for  the  restoration  of  nonsal  operation. 

Testing  of  the  proper  operation  of  all  real-time  peripherals  by  the  appropriate 
test  programs  and  reconstitution  of  the  data  base  selection  e.g.  loading  of 
system  tables.  Because  It  always  requires  some  antenna  turns  to  rebuild  the 
radar  display*  the  normal  radar  data  processing  Is  started  first  however  with 
Inhibited  outputs  to  displays.  Re-processing  of  the  Individual*  safeguarded 
flight  plan  records  Is  resumed  next.  The  coherence  of  data  Is  checked  record 
by  record  and  finally  the  core  resident  directory  and  the  associated  event 
entries  are  recreated.  Coamunl cat Ions  with  the  operational  staff  Is  only 
resumed  once  the  data  base  has  been  completely  reestablished. 

This  concerns  the  redisplay  of  radar  Information  on  SDDs  * of  flight  plan  related 
operator  and  controller  Information  on  the  different  types  of  EDDs  and  the  con- 
tinuation of  strip  printing.  Finally  reception  of  data  from  AF'Ih  and  other 
automated  ATC  centres  Is  recommenced  and  the  manual  Input  devices  are  enabled 
for  the  Input  of  new  data. 

The  most  advanced  technique  with  recovery  times  depending  on  the  system  ilze  and 
complexity  In  the  order  of  1 to  10  secs.  Is  the  switch-over  oetween  computers 
operating  In  parallel.  The  computers  of  such  a system  receive  ail  data  simultane- 
ously* perform  the  same  processing  and  maintain  their  own  data  base*  but  only  one 
computer  Is  authorized  to  make  outputs.  All  members  of  such  a system  run  special 
surveillance  programs  and  exchan^u  the  results  via  the  processor  to  processor 
link; computers  delivering  results  which  are  obviously  wrong  are  stopped. 

A continuous  comparison  of  the  results  of  normal  processing  is  generally  too 
expensive  due  to  the  time  spent  waiting  for  results.  Parallel-processing  Is  In 
practice  only  applied  In  systems  with  a straight  forvard  processing  and  data 
base  structre*  l.e.  In  applications  which  Include  no  or  so  very  little  Interde- 
pendent events  that  a synchronisation  of  these  events  by  comparison  of  results 
Is  feasible.  Typical  examples  for  parallel  processing  systems  are  : message 
switching  systems  In  psu'tlcular  AFTV  relays  and  operational  telephone  exchange 
systems. 

?.5.A.  Programming  Techniques  and  Tools. 

Because  of  the  rapidly  Increasing  programming  costs  and  the  higher  reliability 
standards  for  software*  advanced  design-  and  programming-  techniques,  which  allow 
to  Improve  both  progranner  efficiency  anu  program  reliability  are  of  growing 
interest  for  the  production  ana  maintenance  of  real-time  systems.  This  can  best 
be  achieved  by  a straightforward  program  architecture*  which  allows  easy  modifica- 
tion and  modular  testing  and  by  the  use  of  high-level  languages  supported  by 
efficient  compilers. 

Progrtun  design 

The  simplicity  of  program  structures  Is  the  primary  prerequisite  for  the  production 
of  reliable*  easily  readable  and  modifiable  software  systems.  In  extension  of  the 
well  established  principles  already  discussed  In  the  paragraph  on  real-time  super- 
visors* a program  performing  a task  Is  further  subdivided  In  separate  pieces  of 
Inaependant  code,  which  can  be  easily  identified  and  hence  Implemerited  and  nxMlfled. 

The  ideal  program  nodule  is  therefore  a kind  of  self  contained  "black  box"  described 
by  the  functions  it  performs  and  by  the  data  passed  to  and  returned  from  it.  This 
allows  to  understand  what  a module  does  without  knowing  how  It  does  it.  By  this 
means  the  variety  of  connections  oetween  modules  and  hence  the  paths  along  which 
errors  can  propagate  into  other  elements  of  the  system  are  minimized.  Obviously 
the  applicability  cf  this  declf^i  principle  does  not  depend  on  the  programming 
language  used. 

If  either  a high  level  Ituiguage  or  a suitable  macro  language  Is  used,  the  saune 
principle  can  be  applied  for  coding.  The  price  one  has  to  pay  for  such  a well 
structured  program  Is  an  Increased  overhead  in  duty  cycle  and  memory  occupation. 


Host  of  the  early  real-time  systems  havs  been  programmed  In  assembler  language 


because  of  the  good  run-tlmc  performance,  that  is  to  say  program  size  and  execution 
time,  Dut  In  the  last  few  years  a general  trend  toward  high  level  languages  can  be 
seen  In  or.jer  to  reduce  program  production  and  maintenance  costs,  to  ease  adaptation 
to  other  computers  and  to  Improve  software  reliability.  Before  comparing  the  merits 
of  programming  languages  In  some  more  detail  their  main  functions  shall  be 
surtnarlzed  : 


Assemlber  lang 


Assembler  which  may  be  consioered  for  actual  and  future  program  development  of  large 
ATC  data  processing  systems  shall  In  particular  provide  the  following  functions  : 


- conditional  assembly  of  basic  statements 

- linkage  of  separately  assembled  program  segments 

- macro  Instruction  facility  with  the  capability  of  nested  calls 


Programs  written  in  assembler  language  are  machine  dependant  but  without  doubt  the 
most  efficient  In  terms  of  run-tlnie  performance,  that  Is  to  say  size  and  execution 
time  of  object  programs.  Assembler  programming  Is  considerably  eased  If  a set  of 
comprehensive  macro's  la  created  for  a specific  application. 


High  level  languages  have  been  invented  In  order  to  enable  non  data  processing 
experts  to  solve  their  problems  with  the  help  of  computers  and  to  run  the  same 
program  without  recoding  on  computers  of  different  manufacturers.  They  can  be 
classified  Into  two  basic  categories  : 


- languages,  which  are  independant  from  the  run-time  .supervisor  and  which  have 
consequently  neither  a core  management  for  automatic  pointer-  based  variables 
nor  facilities  for  real-time  processing  such  as  task  control  or  interrupt- 
handling.  Ihese  languages  generally  contain  statements  for  data  declarations, 
assignment,  branch  and  loop  control  and  subroutine  calls.  'Vhe-r  allow  the 
Insertion  of  program  sections  written  In  assembler  language  and  the  control  of 
register  allocation.  TTie  user  must  normally  provide  himself  with  the  subroutines 
required  for  system  communications  and  for  Input/output,  Some  languages  however 
support  some  simple  mechanisms  for  task  and  event  control  and  for  the  easy  imple- 
mentation of  a''oess  methods,  ftepresentntlves  of  this  language  type  used  in  the 
ATC  field  are  ASTRE  and  MIVICORAL. 

- languages  which  provide  a full  set  of  real-time  facilities  and  which  consequently 
need  sophisticated  run-time  routines  to  link  with  the  appropriate  supervisor. 
Representatives  of  this  language  type  are  PI/1  and  JOVIAL.  The  high  complexity 
of  multipurpose  languages  such  as  PL/1  Is  the  frequent  reason  of  Inefficient 
object  code.  Hence  sometimes  only  a subset  of  the  language  excluding  all  Ineffi- 
cient features  Is  used  In  real-time  applications.  This  allows  to  make  use  of  the 
extended  error  detectioii  and  diagnostic  facilities  of  the  respective  compilers. 

The  linkage  of  the  run-time  routines,  e.g.  to  communicate  with  the  supervisor.  Is 
frequently  performed  by  special  preprocessors. 

- The  display  control  languages  used  In  the  formatting  process  for  input  from  and 
(xitput  to  alpha-numeric  and  graphic  displays  constitute  a special  class  of  program- 
ming languages.  Ihey  generally  consist  of  a non-real-time  program  for  the  genera- 
tion of  mapping  control  tables  and  a set  of  real-time  routines  which  perform  by 
means  of  the  control  tables  the  actual  mapping  from  lntem.il  computer  representation 
Into  the  desired  format  and  the  Insertion  of  the  control  cliaracttrs  required  by  the 
hardware.  It  Is  the  purpose  of  such  a display  language  to  ease  modification  of 
message  content  euad  format. 

Comparison  on  merits 

Software  engineering  Is  more  and  more  Influenced  by  i permanent  decrease  of  hardware 
costs,  a rapid  Increase  of  programming  cost  and  by  tiie  trend  to  larger  systems  with 
higher  reliability.  Consequently,  software  production  methods  must  be  used,  which 
allow  to  Improve  the  efficiency  of  program  production  and  maintenance  even  at  the 
expense  of  requiring  a more  powerful  hardware. 
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A solutlo.a  is  programming  In  a high-level  language  : 
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- proKranmlnK  In  a high-level  language  la  easier  to  learn  and  faster,  because  a 
"statement"  does  more  than  an  assembler  Instruction.  Ihe  advantages  are  however 
marginal  for  the  Initial  writing  of  a program,  A considerable  saving  of  the  total 
progrannlng  effort  Is,  however,  achieved  If  one  also  considers  the  modification 
and  update  during  the  normal  life  of  a real-time  system,  that  Is  to  say  over  a 
period  of  3 to  10  years,  nils  Is  because  programs  written  In  a high-level  language 
are  easier  to  understand  and  the  documentation  automatically  Is  always  up  to  date, 

- programs  In  a high-level  language  can  within  certalr  limits  be  adapted  to  other 
computers  or  supervisors  by  rewriting  the  subroutines  for  system  communications. 

But  this  portability  Is  considerably  reduced  If  exteimlve  use  of  machine  oriented 
features  such  as  control  of  register  allocation  Is  made. 

- the  biggest  advantage  of  a high-level  language  Is  the  capability  of  good  compilers 
to  detect  most  of  the  syntactical  errors.  This  characteristic  reduces  the  time 
spent  during  system  integration  and  reduces  additionally  the  probability  of  hidden 
errors,  which  are  some  of  the  reasons  for  low  softwer*.  reliability  P’ d high  main- 
tenance coats. 

- the  price  one  has  to  pay  Is  the  expansion  factor  for  core  occupation  and  duty 
cycle.  For  a good,  modem  compiler  this  expansion  factor  la  however  smaller 
than  1.3> 

- furthermore,  documentation  is  simplified  because  flow-charts  generally  become 
unnecessary. 

Support  programs 

A set  of  special,  non  real-time  programs  Is  required  during  tne  development  phase 

and  to  operate  the  ATC  data  processing  system.  These  programs  are  used  for  the 

following  purpose  : 

- system  simulation  to  assist  the  designer  In  the  selection  of  the  appropriate 
hardware  and  In  the  elaboration  of  the  software  architecture  and  to  ease  system 
tuning  especially  If  It  Is  getting  near  the  capacity  limits,  'Hie  system  to  be 
simulated  Is  defined  by  Its  hardware  characteristics  l.e.  processing  and  I/O 
capacity,  storage  size  and  by  the  software  characteristics  l.e.  tasks,  data  base 
and  by  a statistical  description  of  the  Input  data  which  drive  the  system. 

The  results,  displayed  as  tables  or  histograms,  are  average  and  peak  values  for 
the  utilization  of  the  different  resources  and  for  the  response  time  of  the 
system.  The  models  are  generally  programmed  using  special  simulation  languages. 

- generation  of  the  data  base.  'Hiese  programs  generally  have  two  tasks  s 

. pre formatting  of  the  data  sets  which  are  part  of  the  dynamic  data  bank 
. buldlng  of  the  static  data  beutk  , which  contains  the  environment  description  in 
computer  format. 

Input  lor  the  program  are  statements  to  define  the  stores,  their  organisation  and 
content,  rurlng  program  execution  Input  data  are  checked  on  their  validity  ajid  If 
necessary  converted  Into  internal  format.  Inter- dependences  between  different  data 
resolved,  the  different  stores  and  records  are  chained  and  finally  the  data  are 
transferred  onto  the  real-time  data  sets.  'Oie  preparation  programs  make  extensive 
use  of  the  utilities  of  the  operating  system.  Ideal  Is  the  Input  of  data  In  a 
conversational  mode  through  terminals. 

- analysis  of  data  recorded  for  legal  and  statistical  purposes.  These  programs 
shall  allow  to  reconstruct  dynamic  traffic  conditions  (play-back)  for  Incident 
Investigation  and  staff  training,  to  print  all  messages  which  have  been  printed 
during  a given  period,  to  produce  technical  and  operational  statistics  for  the 
total  system,  individual  sectors  or  working  positions,  to  trace  a flight  on  its 
way  through  the  syste'.  and  last  but  not  least  to  evaluate  the  hardware  error 
records. 

- generation  of  test  data.  For  system  Integration  and  testing,  test  data  eu’e 
required  which  allow  the  easy  establishing  of  the  various  test  conditions.  A 
typical  example  Is  the  generation  of  radar  plots  derived  from  the  flight  plans 
used  by  the  1 light  data  processing  programs  for  the  execution  of  maximum  load 
tests. 


625 


3.  ATC  Communication 
3.1.  General 

It  Is  a trulsme  to  state  that  an  air  traffic  control  data  processing  system  must  not  be 
an  "island  of  automation".  This  is  the  obvious  consequence  of  the  many  data  to  be  ex- 
changed between  ATC-centres  when  aircraft  are  transferred  from  one  centre  to  another  and 
so  on.  In  practice  data  are  presently  exchanged  between  centres  either  In  the  broad- 
cetstlng  mode  like  flight  plan,  MET  data,  or  AIS  data  or  In  the  progressive  step-by-step 
or  conversatloisal  mode  like  updated  flight  plans,  boundary  estimates  or  radar  handovers. 
In  fact  to  be  efficient,  automated  ATC-centres  should  be  designed  from  the  beginning  as 
a computer  network,  the  computers  being  strongly  Interconnected  and  exchanging  data  of 
the  above  nature.  Up  to  now  this  aim  could  only  be  achieved  In  large  countries  like  the 
Unl ted  States  of  America,  but  unfortunately  In  many  other  parts  of  the  world  the  problem 
Is  complicated  by  the  International  nature  of  the  exchange  and  hence  the  difficulties  to 
obtain  a standardisation.  One  therefore  has  very  often  started  by  building  "islands  of 
automation"  which  are  not  very  cost  effective.  Only  now  is  one  trying  on  a empirical  and 
bilateral  basis  to  Interconnect  the  centres.  So,  to  really  understand  the  present  situ- 
ation, it  Is  necessary  to  have  an  historical  view  of  what  happened  during  the  past  ten 
or  fifteen  years. 

The  manual  ATC-centres  are  Interconnected  since  a long  time  by  the  specialised  AFTN 
telegraph  network  standardised  by  ICAO. 

ihls  network  was  mainly  used  In  the  past  to  transmit  data  of  the  brottdcastlng  class  'that 
Is  tc  say  MET  data,  AIS  and  flight  plans.  Data  exrisnge  was  supplemented  by  the  verbal 
exchange  between  controllers  of  the  Interactive  and  progressive  data  related  te  the 
handover  from  one  centre  to  another. 

At  the  beginning  of  the  Introduction  of  automation  In  ATC,  the  AFTtJ  messages  were  of 
rather  unstandardised  format  and  the  problem  of  using  the  AKITl  network  In  an  automated 
environment  was  raised. 

ICAO  implemented  a group  called  "ihe  Air  Traffic  Control  Automation  Panel"  (or  ATCAP) 
which  defined  and  standeu-dlsed  a set  of  messages  : FPL,  CPL,  CHG,  EST  and  so  on.  The 
format  and  content  of  these  messages  was  such  that  they  could  be  understood  by  a human 
operator  or  processed  directly  by  a computer.  So  the  interconnection  of  automated  ATC- 
centres  with  the  outside  started  with  this  set  of  ATCAP  messages  transmitted  via  APiT). 
Only  the  national  nature  of  the  problem  In  the  United  States  gave  the  possibility  of  a 
strict  standardisation  of  the  oomputer-to-oomputer  messages  and  procedures. 

As  a consequence  of  the  requirement  to  allow  manual  ar>d  automatic  treatment  the  ATCAP 
messages  ai’e  difficult  to  process  by  computers  because  of  their  relatively  poor  syntax 
combined  with  a large  amount  of  human  errors.  Only  semi-automatic  processing  Is 
presently  Implemented  and  a good  amount  of  manual  assistance  Is  frequently  necessary 
to  make  the  computer  understana  the  messages  In  particular  the  route  field  of  the  FPL. 

For  the  EUROCOMTTICL  area,  the  DATEX  working  group  of  EURCCONTOOL  and  Its  Member  States 
with  participation  of  ICAO  tries  to  solve  this  problem.  'ITils  group  standardises  the 
ATC-message  for  automatic  trlgj?erlng  of  fllgt  plan  activation  in  neighbouring  ATC  units 
via  conputer-to-comnuter  links. 

The  problem  of  a remplacement  of  APnj  without  any  data  protection  by  a-i  auvanced 
ICAO  Data  Interchange  .System  (CIDIN)  designed  for  the  Interconnection  ol'  automated  ATC- 
centres  has  been  treated  since  1“6‘‘  in  the  Automated  Data  Exchange  System  Panel  (ADISP) 
of  ICAO.  Ihe  approval  of  a standard  can  be  expected  for  I'j‘^6/77.  The  Implementation  of 
such  a system  on  an  International  basis  will  take  some  tim-;  and  provisions  have  therefore 
been  made  allow  the  Integration  of  ArSH  Into  CIUIN. 

In  the  EUROCOMTROL  area  at  least  3 dlflerent  data  transmission  sjrtems  are  presently  In 
operation  ; 

- CAUIRA  (ContrSle  Automatlque  du  Trafic ) in  France,  wnlch  consists  of  several  ATC- 
centres.  It  Is  a star  network  which  uses  a special  procedure  and  non-standard  messages 
In  Internal  computer  format. 

- XV  (Daten  Ubertragungs  - und  Vertei lungs  system)  In  Germany,  which  Is  mainly  used  to 
transmit  flight  data  to  a central  flight  plan  processing  system  etnd  to  retransmit  the 
processed  data  (str'ps)  to  the  local  ATC  centres.  It  Is  a star  network  and  uses  a 
control  procedure  for  alpha-numeric  text,  capable  of  supporting  the  Integration  of 
ArTN. 
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polnt-to-polnt  transmission  of  flight  plan  and  radar  data  from  MADAP  to  a Belgian 
MATKAC  (Military  Air  Traffic  Control  Centre).  The  system  follows  the  ATCAP  recommend- 
ations and  uses  a control  procedure  for  suitable  alpha-numeric  text. 


3.?.  Data  flow  and  control  ^;Ig.  3) 

The  main  problem  In  communications  between  computers  Is  the  problem  of  data  Integrity, 
that  Is  to  say  one  has  to  malce  sure  that  data  sent  from  a user  process  A e.g.  a sending 
flight  plan  processing  system  to  a user  process  B e.g,  another  flight  plan  processliig 
system  are  correctly  received  Irrespective  of  the  way  data  are  exchanged  between  A and  B. 
In  order  to  achieve  this  a set  of  operational  rules  governing  the  Interaction  between 
the  two  processes  must  be  defined,  these  rules  are  generally  known  as  a protocol.  Hence 
user  processes  normally  do  not  communicate  directly  with  each  other  but  by  means  of  a 
specialised  communications  system,  which  can  be  a complex  computer  network  with  many 
nodes  or  a simple  polnt-to-polnt  connection.  Similar  rules  must  therefore  be  established 
for  the  data  exchange  between  nodes  and  user  processes  and  nodes.  'ITiese  rules  are 
generally  known  as  procedures.  Lower  levels  e.g.  the  procedures  shall  be  transparent 
to  the  hlger  level,  e.g.  the  protocol. 

Sophisticated  protocols  which  allow  opening  and  closing  of  connections,  Inltlatloi  and 
interruption  of  user  processes  and  a complex  control  of  the  data  flow  within  the  network 
Including  recovery  from  failures  are  actually  only  use  to  control  computer  networks  with 
heterogenous  members,  the  best  known  being  the  ARPA  (Advanced  Research  Project  Agency) 
network  In  the  United  States. 

ATC  systems  are  still  used  as  single  purpose  systems  and  one  Is  therefore  far  from  a 
standardisation  on  the  protocol  level.  However,  well  established  procedures  for  the 
exchange  of  one  operational  message  as  a single  transmission  (message  switching)  or 
In  a sequence  of  small  packets  each  one  being  transmitted  sepai'ately  (packet  switching) 
between  two  computers  (polnt-to-polnt)  or  via  a computer  network  exist.  Ihese  procedures 
Include  however  some  of  the  features  and  rules  of  a protocol,  e.g.  for  link  monitoring, 
recovery  of  lost  or  mutilated  data  and  to  establish  or  close  connections. 

A typical  procedure  may  be  described  by  the  following  elements  : 

- a set  of  control  messages  to  be  used  to  acknowledge  messages,  to  establish  or  termdnate 
the  connection  or  to  signal  error  conditions  and  to  recover  from  them. 


- a set  of  rules  and  agreements  which  define  the  behaviour  of  the  transmitting  and 
receiving  stations  under  the  different  normal  and  abnormal  conditions. 

- the  message  content,  that  la  to  say  : 

. a transmission  code  e.g.  CCITT2  for  AFTO 

. dellifdters  to  Indicate  beginning  and  end  and  control  Information  to  define  the  type 
of  transmission  e.g.  code  used 

. a sequence  number  of  the  message  and/or  packet  used  as  protection  against  loss  of 
messages  or  parts  of  It 

. address  of  single  or  multiple  destlnatlon(s)  of  the  data 

. address  of  the  origin  of  data,  sometimes  supported  by  the  time  of  handlng-in 
, the  type  of  message  euid  Its  transmission  priority 
. the  length  of  the  data  (text)  field 
. the  proper  text  to  be  transmitted 

. since  transmission  errors  are  likely  to  occur,  the  data  nust  be  protected  against 
corruption.  'Ihls  Is  done  by  protection  Information,  e.g.  vertical  and  longitudinal 
parity,  derived  from  the  useful  Information,  which  Is  sent  to  the  receiver  together 
with  the  data.  It  Is  checked  by  the  receiving  station. 


Message  swltchlr^g 

Message  switching  systems  use  a store-and  forward  technique,  that  Is  to  say  a message 
originating  In  A with  destination  D travelling  via  points  B and  C will  be  received  and 
temporarily  stored  In  B and  C until  a circuit  becomes  available.  The  present  computer- 
based  message  r'*tchlng  systems  evolved  from  the  automated  Ulegraph  switching  centres 
and  Alin  still  consist  of  both  types  of  centres.  Consequently  > -messages  are  un- 
protected and  the  delimiters  consist  of  a combination  of  rarely  ..srd  symbols  (ZCZC  and 
NNNN).  A limited  link  surveillance  Is  performed  by  the  regular  exchange  of  a channel 
check  message.  Other  control  messages  are  used  to  request  a retransmission  of  a 
particular  mes.aage  already  received,  to  tell  the  transmitter  that  a message  was  lost, 
to  request  synchronisation  on  'ast  message  received  or  to  Inform  the  receiver  on  the 
last  message  sent  to  it.  Computerised  AFTTJ  switching  centres  perform  all  these  recovery 
functions  automatically  and  must  therefore  store  already  transmitted  messages  for  at 
least  one  hour. 
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Packet  switching 

Packet  switching  also  uses  the  store -and -forwarh  technique  and  has  bee-,  designed  for 
computer  networks  with  data  protection.  Ihe  switching  centres  (nodes/  of  the  planned 
CIDIN  are  Interconnected  througli  medium  or  hlg>i  .epeed  links,  each  of  which  wild  serve 
a given  geographical  area.  The  data  processing  systems  In  Altl  centres  will  communicate 
with  each  other  via  this  network. 

Hence  the  CIDIK  link  procedure  reoulres  provisions  *0  control  the  physical  transmls.slon 
between  two  nodes  and  to  control  the  commu.nlcatlon  letween  the  subscribers  connected  to 
It.  Each  packet  has  therefore  a double  header.  Ti  e first  contains  the  In* .. -matlon  for 
the  physical  link  addressliig  one  or  .several  nodes,  the  second  for  the  logical  link,  the 
subcc-.-lber. 

3.5.  Technical  characteristics 
Hardware  function 

■I>ie  basic  characteristics  of  the  hardware  used  for  data  ccmnunlcatlon  systems  In  ATC 
have  already  been  described  In  paragraph  1*.!.;?..  It  seems  however  useful  to  compare  a 
system  with  a majtlmum  of  functions  performed  by  specialised  hardware  with  a more  soft- 
ware oriented  solution.  I^ie  highest  burden  for  the  processor  Is  the  handling  of  line 
l.nput/outnut.  ITiree  main  solutions  are  actually  In  use.  Ihey  require  program  Inter- 
vention 

- for  each  Bit,  this  solution  gives  a maximum  of  flexlolllty  at  the  expense  of  data 
throughput  and  Implies  a very  short  response  tine  of  the  Interrupt  .system.  This 
principle  is  frenuently  used  in  .email  systems; 

- for  each  character,  this  is  a typical  solution  for  specialised  communications 
processors; 

- for  each  block,  this  Is  the  preferred  solution.  If  a general  purpose  computer  with 

a multiplexer  channel  Is  used.  It  requires  a special  hardware  to  detect  the  control 
fields  and  to  report  transmission  errors. 

large,  modem  flight  and  radar  data  processing  systems  shift  the  line  and  procedure 
handling  more  and  more  Into  dedicated  communications  oriented  front-end  processors  to 
discharge  the  central  processing  system.  As  a side  ef.'ect  this  allows  with  a suitable 
system  architecture  to  Improve  the  system  availability  mainly  because  limited  services 
can  even  uo  performed  after  emergency  shut  down  of  the  central  processing  system  by 
tne  front-end  processing  system. 

Sof twa.-e  functions 


The  essential  functions  performed  by  the  software  of  a generalised  data  communication 
sy.stem  using  a crotected  link  procedure  can  be  sumnvirlsed  as  follows  : 

- handling  of  the  link  control  procedure  as  described  In  th<*  parag"aph  nr.  .-.ata 

flow  an"'  control,  thl.s  nav  Include:  ie tec t ten.  Insertion  and  deletion  o!  orocedure 
oriented  control  Information,  basic  error  handling  such  as  retransmls.slon  and 
checking  of  basic  data  in  the  message  header; 

- buffer  and  queue  memagement . Several  queues  exist  for  each  link  : 

. the  output  queue  with  all  messages  to  be  output 

. t.he  safeguarding  queue  with  all  messages  already  output  b/:t  not  acknowledged  by 
the  receiver 

. the  queue  with  the  acknowledge  messages 
. a free  record  queue  with  all  unused  records. 

All  queues  are  maintained  on  disc  for  econcmlcai  reasons  and  for  back-up  purposes. 
Incoming  messages  are  after  validation  tra.nsferred  Iron  the  input  bufter  to  the  output 
queue  of  the  destination  queue,  simultaneously  a.-:  acknowledged  mcs.sage  Is  generated 
and  inserted  into  the  acknowledge  queue.  If  tne  Incoming  message  Is  Itself  a.n  acknow- 
ledgement message,  the  message  referred  to  is  deletei  from  the  saleguardlng  queue. 
Data  Irom  the  output  queue  are  transferred  after  tra.nsmlsr.Ion  Into  the  safeguard  nueue 
and  kept  for  retransmission  until  they  are  acknowieiged. 


routlnf!  and  priority  or.  trol  Is  resp'inslblc  lor  ihn  selection  of  the  appropriate  output 
queue  according  to  the  addresn  Informowlon  found  m the  messaife  header  and  for  the 
assignment  of  the  position  within  the  queu". 

code  and  format  conversion  allows  oommunlcati 'n  between  different  link  pi  ooedures  e.g. 
between  the  host  and  the  satellite  which  p>erloims  the  comnunlcatlon  task.  This  may 
Include  the  breaking  of  messages  Into  packets  at  the  origin  and  reassembly  at  the 
destination. 

management  of  the  redundancy  In  the  system,  that  It  to  say  the  switch-over  from  the 
operational  to  the  stand-by  computer,  the  reintegration  of  a computer  to  become  stand- 
by In  a duplicated  system  or  a complete  restart.  Tl.e  stand-by  computer  Is  generally 
idling  and  must  rebuild  Its  actual  tralllc  situation  from  the  different  disc  queues. 
Only  Al'TN  switching  centres  sometimes  perform  parallel  processing  to  achieve  a charac- 
ter synchronisation  thus  avoiding  the  heavy  retransmission  of  complete  messages. 
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R«dT  d>t*  proceaalng 

PAdar  dat«  processing  comprises  s number  of  functions  necessary  to  transform  analogue  radar 
signals  Into  a useful  representation  of  the  airspace  situation  on  a Synthetic  Data  Display 
(SDD)  and  Into  the  Information  required  for  a real-time  update  of  flight  plan  data.  The 
main  functions  In  this  process  are  : extraction  and  transmission  of  plots,  radar  tracking 
and  display. 

The  related  data  processing  functions  are  normally  performed  by  distinct  subsystems  knovm 
as  ; plot  extractor  or  radar  digitizer,  tracking  system  and  display  system. 


4.1.  Plot  htjidllng 


It  Is  the  purpose  of  a plot  extractor  to  convert  video  signals  provided  by  the  radar 
receiver  Into  Individual  plot  messages,  each  one  containing  Information  on  the  position 
and  optionally  the  code  of  a particular  target  and  to  transmit  the  messages  via  telephone 
lines  to  ATC  centres  for  further  processing.  The  sequence  of  functions  concerned  with 
plot  extraction  can  be  summarized  as  follows  t 

- quantization  (digitalization)  of  the  video  signals  with  elimination  of  Information 
from  fixed  targets  (^f^I)  and  of  noise  from  various  sources,  e.g.  clutter  by  means  of 
a correlation  process; 

- determination  of  the  target  position  (range  and  azimuth)  by  correlation  of  successive 
hits  of  the  same  target  during  the  same  antenna  scan  by  means  of  a sliding  window 
detector; 


- decoding  of  the  SSR-code  Information  and  Its  validation  by  correlation  of  codes 
received  from  the  same  targets  in  successive  antenna  scans  (In  case  of  secondary 
radar  only); 

- association  of  primary  and  secondary  radar  Information  of  the  same  target  and  combina- 
tion Into  a single  plot  message; 

- reductlai  of  false  plot  rate  In  areas  of  hlght  clutter  and  further  suppression  of  fixed 
targets  by  correlation  of  plots  from  successive  intenna  scans. 


Generally  the  transmlsslcn  of  plots  from  the  radar  site  to  the  ATC-centre  Is  via  leased 
telephone  lines.  The  plot  extractor  Is  therefore  also  responsible  for  the  buffering  of 
plot  messages  during  the  scan  of  areas  with  a high  target  density,  for  the  dlsplatching 
to  the  different  centres  and  for  the  management  of  the  data  transmission  procedure. 

Within  the  extractor  plot  messages  undergo  variable  delays  because  of  the  time  spent  In 
the  buffer  luring  peak  load  periods.  Each  plot  message  Is  therefore  time  stamped  In 
order  to  Inform  the  receiving  tracking  system  on  the  precise  time  of  target  detection. 
The  time  Is  frequently  relative  to  north  crossing  of  the  antenna. 

A high  priority  message  Indicating  this  event  Is  transmitted  without  delay.  The  most 
relevant  data  In  a plot  message  are  : 

- the  target  position  In  distance  ($)  and  azimuth  (6)  relative  to  the  radar  site; 

- the  SSR-code  Including  possibly  the  flight  level  If  It  Is  a secondary  radar  plot; 

- a time  delay  due  to  queuing  In  the  extractor; 

- Information  on  the  plot  quality. 

4.2.  Radar  tracllng 

The  plots  obtained  at  successive  antenna  scans  from  a particular  aircraft  represent  an 
uncorrelatbd  set  of  position  data.  The  purpose  of  the  tracking  process  Is  to  correlate 
the  plots  of  successive  antenna  turns  belonging  to  the  same  aircraft  In  order  to  obtain 
a clear  Identification,  the  more  precise  position  and  the  speed  vector  of  the  aircraft 
In  question.  Monoradar  tracking  Is  the  process  of  correlating  plots  from  one  radar, 
multiradar  tracking  Is  the  same  operation  extended  to  several  radars. 

Monoradar  tracking 

The  process  of  monorad/u*  tracking  can  be  outlined  as  follows  : 

In  a steady  state  of  the  tracking  system  a track,  described  by  Its  Identification 
(normally  the  SSR-code),  position  and  speed  exists  for  each  aircraft.  The  track  Is 
the  result  of  a tracking  process  performed  successfully  In  the  past.  In  principle  each 
plot  received  from  the  extractor  has  to  be  Inspected,  If  It  matches  with  this  track. 
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In  the  simplest  case  this  can  easily  be  done  by  comparing  the  Individual  SSR-oodes  of  plots 
and  tracks.  Tracking  Is  then  limited  to  the  chaining  of  plots  with  Identical  codes.  Other- 
wise In  particular  for  primary  plots  this  comparison  must  be  based  on  the  position  Informa- 
tion. This  processing  Is  more  complex  and  represents  furthermore  a high  load  for  the 
computer  : 

'Hie  first  problem  Is  therefore  the  reduction  of  the  number  of  comparison  steps.  lYUs  can 
e.g.  be  achieved  by  dividing  the  airspace  covered  by  the  radar  Into  azimuth  sectors  for 
plots  and  tracks.  Plot-and  track-  sectors  are  of  Identical  size,  but  dephased  by  half  a 
sector  . It  Is  then  sufficient  to  compare  the  plots  of  one  sector  only  with  the  tracks  In 
the  two  adjacent  tracksectors,  which  cover  the  plot  sector. 

Comparison  of  tracks  and  plois  must  be  done  for  a common  reference  time.  Kor  this  purpose, 
the  track  position  must  be  extrapolated  for  the  time  at  which  the  plot  from  the  next  antenna 
scan  Is  expected.  All  new  plots  which  fall  Into  a distinct  area  In  the  proximity  of  the 
calculated  position  are  tentatively  assigned  to  the  track.  lYic  size  of  the  area  generally 
known  as  forecast  window  Is  a function  of  the  track  history  and  depends  on  parameters  of  the 
flight  such  as  speed  and  turn  attitude  and  on  the  quality  of  the  data  provided  by  the  radar. 

At  the  end  of  this  process  more  than  one  plot  may  be  assigned  to  a particular  track  or  a 
group  of  tracks.  Various  techniques  and  algorithms  have  been  developed  to  decide  during 
the  same  or  only  next  scan  period  ot.  the  most  probable  association  of  plot-track  pairs  to 
be  used  for  further  processing. 

The  selected  plot  Is  used  to  update  track  position,  speed  vector  and  the  dimensions  of  the 
forecast  window  mentioned  above.  'Ihls  calculation  has  the  additional  aim  of  smoothing  the 
statistical  variations  of  the  plot  positions  provided  by  the  radar.  The  relative  weight 
of  the  track  data  versus  the  plot  data  In  this  process  depends  on  dynamic  factors  as  the 
trajectory  of  the  target  and  the  track  history  reflected  In  a quality  factor  and  static 
peuameters  selected  during  system  desl^i  and  tuning.  In  this  process  a trade-off  has  to 
be  made  between  sensitivity  and  smoothing.  If  the  sensitivity  Is  too  high  a low  plot 
quality  will  be  directly  reflected  In  the  track,  that  Is  to  say  the  trajectory  of  an 
aircraft  flying  a straight  line  looks  like  a zigzag.  If  It  Is  too  low  and  smoothing  conse- 
quently too  high,  plots  of  a fast  turning  aircraft  can  not  be  associated  to  Its  tracks 
which  will  therefore  disappear. 

Before  the  tracking  process  for  a particular  target  has  reached  the  steady  state  assumed  In 
the  above  discussion.  It  must  be  through  an  Initiation  process  to  combine  successive  plots 
belonging  to  the  same  aircraft  without  knowing  the  predicted  position  of  an  already  existing 
track.  For  aircraft  with  individual  SSR-codes  this  process  can  easily  be  performed  by  com- 
paring the  plots  of  two  successive  antenna  scans,and  Is  normally  automatic.  For  primary 
plots  positional  data  of  successive  antenna  scans  must  again  be  compared.  Because  of  the 
generally  lower  quality  of  primary  radar  Information,  emd  the  associated  great  number  of 
false  plots,  this  results  In  the  frequent  Initiation  of  spurious  tracks.  In  order  to  avoid 
a waste  of  computing  power  and  because  of  the  Increasing  use  of  secondary  radar  especially 
In  the  upper  airspace.  Initiation  of  primary  radar  Is  In  many  systems  manual,  that  is  to 
say  the  controller  has  to  designate  by  meeuis  of  a rolling  ball  two  plots  belonging  to  the 
same  object. 

Hultlradar  tracking 

Usually  the  Information  from  several  radar  stations  is  required  to  cover  the  area  of  respon- 
sibility of  a centre.  A mechanism  to  select  and  combine  at  any  Instant  the  Information  from 
different  radars  referring  to  a particular  aircraft  Is  therefore  necessary.  This  function, 
known  as  multlradar  tracking,  Ccui  be  realized  with  different  methods  the  best  known  being  the 

- NAS  - system  of  the  Federal  Aviation  Administration  (FAA) 

- MADAP-system  of  Eurocontrol  and 

- CAUTRA-system  of  the  French  Administration. 

The  NAS  algorithm  selects  every  ten  seconds  the  preferred  plot  for  a particular  aircraft, 
from  the  various  plots  available  from  the  different  radars.  The  preferred  plot  is  selected 
with  the  help  old  so-called  "radar  sort  boxes".  Hie  common  radar  track  Is  directly  built 
from  the  preferred  plot.  'Ihe  process  Is  not  so  simple  because  In  order  to  decide  If  a plot 
matches  with  a common  track,  one  has  to  extrapolate  the  plot  position  which  Is  provided  at 
any  Instant  by  the  radar  head  to  the  next  ten  second  period  of  the  common  track. 
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Because  of  the  lacking  of  monoradar  tracking  no  speed  vector  la  available  for  the  chosen 
plot  and  one  has  therefore  to  use  for  the  extrapolation  of  the  plot  position  the  speed 
vector  of  the  track  to  which  It  Is  tentatively  associated. 

In  the  NAS,  the  plot  extraction  Is  made  by  hardware  and  the  processing  Is  made  by  a 
specialised  IBM  <X>20  computer. 

In  the  MADAP  system,  the  process  Is  different.  Ihe  plots  coming  from  the  various  radars 
are  processed  Independently  and  In  synchronism  with  each  radar  by  a monoradar  tracking 
process  as  Indicated  above  In  order  to  build  "local-tracks”.  In  areas  where  nultlradar 
coverage  Is  selected,  local  tracks  are  combined  by  a weighted  averaging  mechanism  to  build 
a common  track.  In  order  to  update  the  common  track,  local  tracks  updated  In  synchronism 
with  the  various  radars  have  to  be  extrapolated  for  the  next  period  of  the  common  track. 

This  extrapolation  Is  made  by  means  of  the  local-track  speed  vector. 

In  MADAP,  the  plot  extraction  for  the  various  radars  Is  made  partly  by  hardware  and  partly 
by  software:  the  processing  Including  the  nultlradar  tracking  Is  made  on  IBM  ^70/135 
computers. 

The  radar  tracking  mechanism  of  CAUThA  Is  similar  to  that  of  MADAP  with  one  Important 
difference  : the  common  track  Is  a virtual  entity. 

In  fact,  at  any  Instant  In  time  the  "common  track"  Is  nothing  else  than  the  preferred  local 
track  dynamically  selected.  Each  local  track  Is  updated  In  synchronism  with  the  particular 
radar  It  Is  coming  from.  There  Is  a change  of  "rythm"  and  of  "phase"  when  one  Jumps  from 
one  local  traci.  to  .another,  however  this  has  only  little  Influence  on  the  quality. 

On  the  other  hana,  no  further  extrapolation  la  required  and  consequently  one  source  of 
error  Is  eliminated. 

In  the  CAUThA  system  the  plot  e;  traction  Is  also  made  by  hardware  for  the  majority  of  the 
radar  sites.  The  central  processing  Is  made  on  CIl  IOO7O  computers. 

It  la  difficult  to  say  which  one  of  these  processes  Is  the  best  because  If  quantitative 
results  are  available  for  the  NAS,  only  partial  results  are  available  for  MADAP  and  practi- 
cally no  results  are  available  for  the  CAUTRA. 

When  Impletr  .itlng  a nultlradar  tracking  system  special  consideration  must  be  given  to  the 
problem  of  absolute  precision.  This  Is  to  avoid  that  different  positions  for  the  same 
object  will  be  Indicated  by  different  radars.  In  order  U overcome  this  problem  a precise 
and  sophisticated  projection  and  coordinate  conversion  system,  which  Includes  slant  range 
correction  has  to  be  used  to  compute  the  X,  Y position  from  the  $ , 6 positions  In  plot 
messages.  Purthermore  the  precise  position  of  each  radar  site  must  be  known  and  the 
alignment  of  the  radar  must  permanently  oe  monitored.  To  solve  the  alignment  problem  some 
i'.lnd  of  real-time  quality  control  Is  necessary,  e.g.  to  consider  the  misalignment  In  the 
coordinate  conversion  process. 

Display  of  radar  Information 

Periodically,  e.g.  with  the  frequency  of  the  r.adars,  tne  track  and  associated  data 
are  treuismltted  to  the  display  system.  A description  of  the  Information  shown  on  the  SDD 
and  on  the  further  processing  performed  by  the  SDD  can  be  found  In  2. A. 2, 

Plan-track  correlation 

In  order  to  allow  Identification  of  an  aircraft  represonted  as  track  on  an  SDD  by  Its  call- 
sign  rather  than  by  Its  A-dlglt  SSR-code  or  to  enable  U.e  update  of  flight  plan  data  by  means 
of  radar  data,  callsigns  and  SSR-codes  have  to  be  correlated.  For  this  purpose  It  Is  neces- 
sary to  provide  a link  between  the  radar  and  flight  plan  data  and  to  Inspect  on  each  creation 
of  a new  track  with  discrete  code  If  a compatible  flight  plan  exist.  The  correlation  process 
Is  In  particular  very  efficient  If  the  management  and  allocation  of  SSR-codes  Is  performed 
automatically  by  the  fll^t  data  processing  system. 

A. 3. Technical  characteristics 

A variety  of  technical  applications  for  radar  data  processing  In  ATC  have  been  developed  and 
Implemented.  They  range  from  completely  hardwired  plot  extractors  to  very  complex  nultlradar 
tracking  systems. 
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Even  In  the  field  of  plot  extractors  nv  clear  trend  exists  and  in  fact  both  specialized, 
hardwired  systems  and  solutions  mainly  based  on  fast  process  control  computers  as  indicated 
In  i.l.  have  been  implemented. 

Kor  radar  data  processing  systems  in  A'lC-centres  three  basic  solutions  can  be  distinguished  : 

- dedicated  systems,  either  completely  hardwired  or  with  specialized  processors  with  programs 
in  read-only  memory.  Idccause  of  their  simplicity  they  have  a high  reliability  but  are 
generally  only  designed  to  perform  a straight  forxard  monoradar  tracking; 

- dedicated  system.'  realized  with  process  control  computers.  Both  stand-alone  solutions 
and  systems  connected  with  n flight  data  processing  which  performs  SSR-code  management 
exist,  dills  latter  solution  also  allows  a retransmlssio.i  of  correlated  tracks  for  the 
purpose  of  flight  plan  updates; 

- Integrated  radar  data/flight  data  processing  systems  which  run  on  large  computers.  Hils 
is  at  present  tht  most  common  s lution  in  big  system  because  of  the  relative  simplicity 

to  exchange  data  between  l.he  programs  responsible  for  radar  data  ar.d  flight  data  processing. 

Radar  Infornatlon  represents  a high  data  rate  - a typical  load  figure  is  250  active  tracks  - 
and  is  very  repetitive  - a typical  repetition  cycle  is  10  secs.  The  consequences  for  the 
software  are  therefore  : 

- optimization  of  programs  and  data  base  structure  in  terms  of  execution  time 

- no  sophisticated  restart  procedures  and  no  requlret.icnt  for  safeguarding  of  many  dynamic 
restart  data  are  necessary. 
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5.  Flight  Data  Processing. 

5.1.  Introduction 

Flight  data  processing  systems  have  Initially  been  developed  to  discharge  the  operational 
staff  from  the  time  consuming  manual  production  of  flight  progress  strips  on  the  basis 
of  flight  plan  Information  recel'‘ed  via  AFTO,  telephone  or  R/T,  The  flight  plan  Informa- 
tion had  to  be  fed  Into  the  cr.iputer  In  a form  suitable  to  produce  strips  without  extensive 
computer  analysis  of  the  ro  -e  data.  Ihe  system  output  was  normally  Immediate  printing 
of  strips  at  a single  position. 

The  extent  of  services  and  hence  the  degree  of  sophistication  of  later  systems  Increased, 
l.e.  more  powerful  syntax  and  semantics  analysis  programs  have  been  developed  In  order  to 
simplify  data  entry  and  strips  are  now  generally  only  printed  at  the  time  when  and  near 
the  position  where  they  are  actually  required. 


The  most  advanced  systems  presently  in  operation  supplement  the  Information  presented  to 
the  controller  In  the  foivn  of  strips  by  the  display  of  dynamic  data  such  as  last  minute 
time  modifications  on  ELiD's.  They  also  support  the  direct  processing  of  flight  data 
messages  automatically  received,  the  computer-assl.Tted  conversation  with  the  system  and 
the  update  of  flight  plans  through  radar  Information. 
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The  basic  Informitlon  on  a Intended  flight  or  position  of  a flight  is  contained  In  the 
flight  plan  message  In  Its  different  forms  of  presentation,  therefore  constitutes 
the  only  basis  to  plan  ATC  operation. 

The  rules  governing  the  classification,  routing  and  the  content  of  flight  data  have  beer, 
established  by  ICAO  and  are  laid  down  In  Doc.  Flight  data  processing  performed  by 

computers  Is  In  particular  concerned  with  the  : 

- acquisition  of  flight  plan  Information 

- processl.ng  of  these  dat".  and 

- display  of  data  to  controllers  and  transmission  to  nelghoourlng  units. 

5.2.  Flight  data  acquisition 

The  conventional  means  to  Input  flight  plan  data  Is  raa'.ual  via  a typewriter.  In  more 
recent  applications  they  arc  replaced  by  display  keyboards  which  allow  data  entry  In  a 
conversation.  1 mode  and  hence  an  easy  correction  of  erroneous  data  or  the  update  of  flight 
plans.  In  principle  there  should  lie  no  obstacle  of  treating  flight  data  exchanged  accord- 
ing to  the  methods  described  in  the  chapter  on  ATC  cornunlcatlons  completely  automatically 
by  the  computer. 

In  practice  there  are  however  the  problems  of  the  low  technical  quality  of  data  transmitted 
via  AfTI!  and  of  the  a.molgultles  in  the  logical  Interpretation  of  data.  Both  situations 
cannot  normally  be  resolved  by  the  computer  and  can  only  be  solved  by  the  manual  Interven- 
tion of  ar.  operator.  One  ai-rlves  therefore  at  a system,  which  operates  automatically  when 
this  can  be  achieved  with  a rea'onabie  effort  but  which  has  also  the  facilities  to  have 
difficult  cases  solved  by  human  -ntervertlon.  Such  a procedure  is  very  flexible  and 
allows  the  smooth  Introduction  of  a.n  Increasing  number  of  automatic  functions. 

The  data  used  by  a filfht  plan  processing  system  for  the  description  of  a flight  are  : 
aircraft  Ide.ntillcatlon  anc  type,  SSfi-capabllitles,  flight  rules  and  status,  aerodrome 
of  departure  and  destlnatlcn  with  the  respective  time  estimates,  the  flight  path  described 
by  air-routes,  point  references  and  level,  the  allocated  SSR-codes  and  the  time  estimates 
at  boundaries  between  responsibility  areas. 

The  data  are  transmitted  and  generally  al."o  entered  Into  the  computer  In  form  of  standar- 
dized messages,  the  most  comi,,^  ones  being  the  : 

- Filed  Flight  Plan  message  ('  PL)  containing  information  to  be  provided  to  ATS  units 
relative  tc  an  Intended  flight  or  position  of  a flight.  It  Is  used  in  the  simultaneous 
.mode,  l.e.  FPLs  are  sent  simultaneously  to  all  ATS  units  concerned,  that  Is  to  say  all 
stations  receive  exactly  the  same  information  about  the  flight.  Because  of  this  general 
nature  and  Its  early  dispatching  the  FPL  contains  no  boundary  and  SSR  data. 
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- Activation  message  (ACT)  which  la  proposed  for  Europe  to  complete  the  data  in  the  FPL 
message  by  boundary  estimate  and  SSR  data  and  shall  be  exchanged  between  neighbouring 
automated  ATS  units. 

- Current  Flight  Plan  message  (CPL) . It  combines  the  Information  of  the  FPL  and  ACT- 
messages  and  is  transmitted  in  the  ; tep-by-step  mode  between  computers,  that  is  to  say 
each  ATS  unit  receives  only  the  data  needed  by  Itself  and  by  the  subsequent  units.  Ihe 
applicability  of  the  CPL  message  depends  heavily  on  the  quality  of  the  transmitted  data 
l.e.  flight  level,  boundary  estimate  and  SSR-data.  11118  condition  is  generally  only 
satisfied,  when  the  fllglit  plan  Infortriatlon  is  permanently  updated  by  radar  information. 

- Repetitive  Flight  Plan  message  (RPL)  which  is  used  for  the  description  of  flights,  which 
are  activated  on  a periodical  basis,  but  at  least  once  a week.  HPl  s are  usually  kept 
on  magnetic  tape,  sometimes,  also  on  disc.  Ihelr  message  content  and  treatment  is 
similar  to  that  of  an  FPL  received  via  APTM.  Hie  periods  and  dates  of  validity  are 
part  of  the  message. 

- Cancellation  message  (CNL)  which  is  used  to  cancel  flight  plans  specified  by  FPL  or 
CPL. 

- Messages  which  are  used  to  modify  data  transmitted  earlier  as  P'PL  or  CPL. 

Apart  from  these  standardized  formats  a number  of  special  messages  are  used  in  most 
systems  e.g.  to  modify  flight  plans  in  a conversational  mode  after  activation  by  meauis 
of  touch  Input  devices  (TIDs)  or  light  pens. 

Further  information  received  by  the  flight  data  processing  system  are  the  meteorological 
data  expeclally  those  required  for  time  calculations  such  as  the  wind  vectors  and  the 
temperatures. 


5.^.  Processing  of  fliii 


Ihe  actual  processing  of  the  flight  data  is  concerned  with  the 

- interpretation  and  validation  of  the  flight  data  in  terms  of  the  particular  ATC- 
envlronment 

- creation  and  managment  of  events  which  describe  the  flight  from  the  ATC  point  of  view 


Interpretation  and  validation 


The  first  step  during  the  interpretation  and  validation  process  is  the  build-up  of  a 
data  structure  which  contains  all  information  required  at  the  appropriate  time  by 
controllers  or  neighbouring  systems.  Whatever  organisation  for  a data  structure  may  be 
fou.nd  to  be  most  suitable  for  a particular  system,  a logical  record  describing  a flight 
should  contain  the  following  basic  data  elements; 

- the  initial,  raw  flight  plan  data  formatted  into  its  constituent  fields  which  are  the 
basis  for  all  further  processing.  These  data  are  generally  supplemented  by  a number 
of  warning  data  to  Indicate  a possible  operational  problem,  e.g.  lack  of  present  SSR- 
code  at  activation  time.  Such  a situation  has  to  be  corrected  or  confirmed  by  operator 
intervention. 

- the  processed  data  which  consist  of 

. the  global  data  such  as  aircraft  type  or  SSR  capabilities.  The  extraction  of  these 
data  is  a straightforward  process  without  special  problems 
. the  extracted  route  information  constituting  a set  of  points  which  describe  all 
relevant  geographical  locations  of  a flight  with  their  attributes.  The  proper 
processing  of  these  data  mainly  found  in  field  15  is  one  of  the  crucial  problems  to 
be  solved. 


- the  status  data  which  describe  the  status  of  a flight  from  the  data  processing  point 
of  view;  this  Information  Is  mainly  required  for  restart  purposes  and  is  a dummy 
element  before  activation  of  the  flight. 

The  programs  responsible  for  syntax  analysis  and  extraction  of  flight  plan  data  are 
rather  complicated  and  subject  to  frequent  modifications.  In  order  to  give  them  there- 
fore a maximum  of  generality  and  to  divorce  them  from  the  particularities  of  the  message 
syntax  and  the  geographical  envirenment,  a data  structure  called  static  data  bank  Is 
used  for  the  Interpretation  of  the  flight  plans  and  other  data  received  by  the  system. 


63S 


It  contains  tables  with  a description  of  the  syntactic  rules  and  the  environment,  e.g. 
the  lateral  and  vertical  airspace  boundaries,  the  air  routes,  the  reporting,  coordination 
and  boundary  points,  the  airdromes  and  their  access  routes  etc. 

Kor  each  of  the  above  items  the  relevant  characteristics  are  given,  e.g.  for  a route 
segment,  its  length  and  the  authorized  fllghtlevels  in  each  direction.  Especially  In  a 
system  which  uses  KPl£  which  frequently  do  not  specify  boundary  points,  one  may  have 
problems  to  identify  these  points.  One  has  to  extract  from  the  total  route  description 
that  part  which  concerns  the  area  in  question.  To  achieve  this  also  a description  of 
the  immediate  surroundings  of  the  area  is  required  in  order  to  recognize  the  boundary 
points.  At  the  end  of  the  validation  process  such  a self  contained  record  is  stored 
on  disc.  Obviously  a reference  to  each  record  must  be  kept  in  core.  In  a simple  strip- 
printing  system  this  may  be  Just  a directory,  in  a system  with  flight  plan  derived 
conflict  prediction  one  may  be  faced  with  the  design  of  a complex  data  bank  structure 
which  allows  logical  relationships  to  be  made  between  the  flight  data  records,  e.g.  to 
tie  together  all  aircraft  passing  a particular  point. 

Event  management 

Management  of  events  is  the  process  which  controls  the  execution  of  Itmctlons  performed 
aitcmatlcally  by  the  system  once  a flight  has  received  a time  attribute.  Each  event 
therefore  refers  to  a processing  task  as  well  as  to  data. 

"nie  effect  caused  by  an  event  may  be  : dlsplay/erasure  of  data,  enabling/disabling  of 
communications  and  enablin^'lnhlbitlon  of  Inputs.  Ihe  nature  of  an  event  may  be  linked 
to  a time.  e.g.  rci.se  of  SSH  oodes  after  plan  canoellation  or  to  a statistically  defined 
of  dynamically  derived  point  on  a flight  path.  e.g.  crossing  of  a boundary. 

Plan  activation  : 

It  is  the  process  of  ouildlng  up  the  dynamic  data  tables  from  the 'Water  record"  which 
has  been  described  in  the  preceeding  chapter.  It  is  triggered  by  the  expiration  of  a 
time  e.g.  estimated  time  of  arrival  at  a boundary  or  directly  by  an  input  e.g.  to 
indicate  the  occurance  of  take-off.  The  activation  fiinctlon  is  combined  with  the 
calculation  of  significant  flight  parameters  and  subsequent  events.  The  processing 
following  immediately  the  activation  includes  in  particular  : 

- allocation  of  the  SSR-code  to  flights  as  required  for  p.'an/track  correlation 

- calculation  of  the  estimated  times  over  the  significant  points  of  the  flight  path 

- determlnatirai  of  subsequent  events  to  be  triggered  automatically  during  the  further 
flight;  e.g.  printing  of  the  remainder  of  strips  or  comnunlcatlon  with  other  systems 

Display  and  communication 

Most  display,  erasure  and  communications  events  are  linked  to  crossing  of  boundaries 
between  systems  or  sectors.  The  result  of  such  a transition  is  normally  printing  of 
strips  or  display  of  data  on  Sl/iVTIDs  of  the  receiving  and  erasure  on  the  sending 
side.  Communications  between  systems  is  performed  by  means  of  CPL-.  ACT-  or  similar 
messages. 

Flan  cancellation 

'Ihls  is  the  deletion  of  all  data  which  refer  to  the  flight  to  be  cancelled.  It  may  be 
Lie  triggered  at  ar.-j  time  by  a messEige  input  via  keyboard  or  data  link  or  it  is  performed 
automatically  after  the  flight  has  left  tfie  zone  of  responsibility. 

Control  mariagement 

In  sophisticated  systems  with  a high  degree  of  automation  the  assignment  of  tasks  to 
cor.trcllers  anu  the  transfer  of  flights  oetween  controllers  and  control  states  is  also 
performed  under  computer  assistance. 

Assignment  of  a complete  flight  or  parts  of  it  to  a controller  takes  place  either  auto- 
matically or  a purely  geographical  basis  or,  with  a higher  priority,  manually  by  input 
order.  The  actual  transfer  of  responsibility  on  crossing  the  boundary  between  two  zones 
of  responsibility  may  be  proposed  nainualiy  or  oy  the  system,  however  its  acceptzmee  is 
always  ma.nual. 

Cn  special  itineraries  (e.g.  'AT  fllgyits)  or  in  a hridlng  state  some  processing  functiois 
e.g.  divergence  detection  or  even  strip  printing  may  ae  temporarily  suspended.  The 
occurrence  of  such  an  event  may  be  conditioned  by  a manual  operation  or  may  be  derived 
from  the  route  description. 


636 


Generally  display,  erasure  or  transmission  of  data  and  enabling  or  disabling  of  some  data 
entry  functions  goes  In  parallel  with  the  above  transfer  of  responsibility.  Typical 
examples  are  the  display  of  controller  task  messages  or  the  Inhibition  of  all  facilities 
to  modify  flight  plan  data  by  controllers  not  being  In  charge  of  the  flight. 

Divergence  cheeking 

Aircraft  positions  may  be  recalculated  In  Intervals  of  some  seconds  on  the  basis  of  the 
flight  plan  with  the  purpose  of  either  displaying  the  "flight  plan  track"  In  case  of 
absence  of  a radar  track  or  for  comparing  the  radar  and  flight  plan  position  of  the  air- 
craft. A detected  divergence  may  be  used  to  update  the  flight  plan  automatically  or  to 
alert  the  controller,  who  has  to  command  the  update  via  Input.  Prerequisite  for  the 
Implementation  of  this  feature  Is  the  access  to  the  correlated  tracks  of  the  associated 
radar  data  processing  system. 

Conflict  detection  and  flow  control 

One  of  the  main  Intentions  of  automation  in  ATC  Is  tlie  Implementation  of  automatic 
control  functions.  Although  several  trials  have  been  undertaken  to  use  flight  data  In 
order  to  detect  the  possibility  of  conflicts  along  the  predicted  flight  trajectjry.no 
completely  satisfactory  solution  has  yet  been  found.  Tljls  is  mainly  because  of  the 
lacking  precision  of  the  available  data  and  because  of  the  uncertainties  during  the 
cllmb-and  descent  phase.  More  promising  are  recent  attempts  to  solve  the  problem  of 
long  range  traffic  planniig  based  on  flight  level  occupancy.  The  present  operational 
"flow  control"  systems  are  completely  self-contained  and  Independant  from  the  conven- 
tional ATC  data  processing  systems. 

5. A.  Data  output 

The  roost  frequently  used  output  of  flight  oata  processing  systems  are  still  the  flight 
progress  strips,  which  have  the  major  advantage  that  there  Is  always  a "hard  copy"  which 
will  not  disappear  even  In  the  catastrophic  breakdown  situation 

The  layout  and  content  of  data  displayed  on  strips  and  EDO's  vary  from  system  to  system, 
however  the  data  mentioned  In  para.  5.2.  for  the  description  of  a flight  are  found  again. 
They  are  supplemented  by  the  reporting  point  to  which  the  message  refers  and  by  the  ovei'- 
fllght  time.  Some  messages  contain  Information  for  only  one,  others  for  several  reporting 
points.  EDDs  are  not  the  only  means  of  displaying  dynamic  flight  plan  data.  Occasionally 
limited  Information  representing  urgent  tasks  Is  also  shown  in  tabular  for’m  on  SLDs. 

Format  and  content  of  messages  are  subject  to  frequent  modification.  In  order  to  avoid 
the  resulting  reprogramming  effort  the  use  of  special  display  languages  or  table  driven 
extraction  and  formatting  programs  Is  becoming  common  practice. 

For  the  transmission  of  flight  plan  information  to  neighbouring  centres  CPL-  and  AC.  - 
messages  also  described  In  para  5.2.  are  used.  Extended  communications  facilities  in  the 
NAS-system  allow  the  transfer  of  control  on  flights  with  computer  assistance  in  an  iden- 
tical way  between  controllers  of  the  same  or  different  centres. 
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1 . INTRODUCTION 

Data  processing,  no  matter  if  performed  manually  or  automatically  to  deduce  results  according  to 
logical  instructions,  proceeds  consistently  with  a logical  scheme  of  data  flow.  From  a data  source  data 
are  periodically  or  sporadically  called  by  data  acquisition  devices.  The  acquired  data  are  properly  pre- 
processed  and  stored  with  respect  to  intrinsic  data  processing,  which  generally  needs  access  to  all 
assembled  and  filed  sets  of  data.  Any  result  of  intrinsic  data  processing  is  either  added  to  the  data  files 
or  led  off  to  a machine,  usually  by  generation  and  transmission  of  control  signals,  or  to  a person,  usually 
by  generation  of  sound  or  speech  or  by  display  of  characters  and  graphs. 

Regarding  very  complex  systems  such  as  air  traffic  control,  data  acquisition  and  data  processing  is 
performed  in  cooperation  of  man  and  machine.  Indispensable  dialog  usually  is  accomplished  by  output  of 
machine' s results  via  teletypes,  lineprinte  rs,  plotters  or  luminous  data  displays  and  by  input  of  man' s 
acquired  data,  results  and  decisions  via  functional  keys,  keyboards  and  touch  displays. 

A block  diagram  of  data  flow  in  air  traffic  control  is  presented  by  fig.  1.  Manual  data  input  is  com- 
bined with  data  acquisition,  data  output  is  differentiated  with  respect  to  the  receiver,  i.e,  pilot  (see:  data 
output  to  aircraft)  and  controller  (sec:  data  display)  respectively.  Therefore  main  consideration  is  with 
automatic  data  flow.  Nevertheless  the  diagram,  as  seen  from  a general  point  of  view,  represents  impli- 
citly all  possible  concepts  of  air  traffic  control  executed  on-ground,  including  even  the  concept  of  manual 
control,  which  leaves  time-consuming  tasks  of  data  acquisition  and  preprocessing  as  well  as  all  crucial 
tasks  of  intrinsic  data  processing  to  controllers. 

In  the  following  an  introductory  description  of  main  features  and  of  present  status  of  each  block  or 
function  is  presented. 

2.  DATA  ACQUISITION 

2.  1 . Acquisition  of  radar  data 

Analog  signals  for  slant  range  and  azimuth  derived  from  primary  and  secondary  radar  antennas  may 
be  fed  directly  to  analog  radar  indicators.  To  avoid  the  disadvantageous  wide-band  transmission  and 
to  make  radar  data  accessible  to  digital  computers,  the  analog  data  are  generally  converted  to  digi- 
tal data  by  digital  plot  extractors  and,  along  with  binary  coded  transponder  replies  (identity,  altitude  - 
see  /l  ^),  are  transmitted  to  control  centers  via  telephone  lines. 

Data  renewal  times  of  rotating  antennas  are  within  the  range  from  about  10  seconds  down  to  about 
2 seconds.  Data  processing  techniques  relying  on  smaller  renewal  times  and  more  reliable  data,  for 
examiple  automatic  conflict  detection  and  resolution,  call  for  phased  array  antennas  or  at  least  for 
discrete  addressed  interrogation  of  transponders.  However  these  techniques  are  not  yet  available  for 
civil  purposes. 

2.  2.  Acquisition  of  aircraft  replies  and  a/c-reports 

Position,  altitude,  identity  of  aircraft  and  supplementary  data  are  frequently  interrogated  by  control- 
lers and  replied  by  pilots  via  radio  communication  channels,  or  these  data  are  reported  spontaneously 
in  case  a stipulated  flight  level  or  reporting  point  is  passed  by  the  aircraft.  Consequently  acquisition 
of  a/c-replies  and  -reports  is  more  flexible  compared  to  radar  data  acquisition,  but  imposes  quite  a 
lot  of  workload  on  controllers. 

Usiially  the  acquired  data  are  recorded  on  paper  strips  (called  flight  progress  or  control  strips),  each 
of  which  is  related  with  one  announced  aircraft.  To  make  these  data  accessible  to  digital  computers, 
either  manual  input  or  automatic  radio  transmission  is  required.  Corresponding  techniques,  f.  e, 
touch  input  display  supported  by  sophisticated  software,  discrete  addressed  interrogation,  data  ex- 
change by  digital  data  link  and  automatic  voice  recognition,  arc  still  in  the  state  of  development  and 
trial  going  along  with  eager  disputes. 
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1.  3.  Acquisition  of  data  related  to  approaching  and  taxiing  aircraft 

At  present  acquisition  of  data  related  to  approaching  and  taxiing  aircraft  is  generally  confined  to  voice 
communication.  Approved  automatic  data  acquisition  is  still  pending.  Merely  plot  extraction  applied 
to  airport  surveillance  radars  and  taxi  guidance  by  use  of  optical  or  electromagnetic  sensors  are 
feasible. 

Future  microwave  landing  systems  (MLS)  offer  a potential  solution,  i.e.  derivation  rf  digital  approach 
data  aboard  and  ground-based  data  acquisition  via  an  advanced  air/ground  data  link. 

3.4.  Input  of  flight  plans  and  related  messages 

Flight  plans,  which  contain  data  of  flight  intention  and  of  aircraft  equipment,  are  usually  delivered 
to  aeronautical  information  service  offices  (see/l/).  There  contents  of  flight  plans  are  checked  and 
converted  to  teletype  messages,  which  are  transmitted  to  corresponding  planning  and  control  cen- 
ters for  data  processing.  On  special  occasions  (f.e.  if  an  aircraft  is  switched  from  visual  to  instru- 
mental flight  rules)  flight  plans  are  delivered  on  flight  via  radio  communication. 

Short-term  messages  related  to  flight  plans,  declaring  cancellations,  alterations,  delays  for  example, 
are  handled  by  controllers’  assistants,  who  check  and  input  revised  data  via  teletypes  or  keyboards 
attached  to  tabular  displays. 

Other  data  related  to  information  and  advisory  services, 
delivered  to  aeronautical  inforn^ation  service  offices  and 
messages  for  Iransn'.ission  and  distribution. 

2.  S.  Input  and  acquisition  of  weather  data 

Weather  data,  particularly  altitude-dependent  temperature  and  wind  profiles  for  defined  geographical 
areas,  are  provided  by  meteorological  stations  6 to  1 2 hours  in  advance.  These  data  are  usually 
transmitted  via  teletypes  to  flight  weather  service  offices  for  further  treatment. 

Direct  acquisition  of  weather  data  at  present  is  confined  to  the  ability  of  special  radars  resp.  plot 
extractors  to  derive  analog  weather  pictures  resp.  digital  weather  messages  related  to  bad  weather 
fronts.  Future  systems  exploiting  advanced  digital  data  link  may  include  controlled  interrogation  of 
temperatures  and  wind  data  along  ATC-routes  recorded  by  sensors  of  flying  aircraft  and  of  tempera- 
ture, wind  and  visibility  along  runways  and  taxiways  recorded  by  sensors  on  ground. 


f.e.  notices  to  airmen  (see  /l/),  are  also 
after  approval  are  converted  to  digital 


3.  DATA  PROCESSING 

3.1.  Data  preprocessing 

Data  preprocessing  supports  intrinsic  data  processing  by  verification  and  proper  preparation  of 
acquired  data.  Therefore  primary  and  secondary  functions  may  be  distinguished. 

Primary  data  preprocessing  comprises  the  reception  of  data  blocks,  the  check  on  imperfections  of 
acquisition  (f.e.  errors  of  input,  failures  or  interference  during  transmission  etc.)  and  eventually 
the  release  of  a repeated  acquisition. 

Whereas  primary  data  preprocessing  depends  on  the  mode  of  acquisition,  secondary  data  preproces- 
sing depends  on  the  type  of  data.  In  case  departing,  cruising,  approaching  and  taxiing  aircraft  are 
causing  radar  data,  a/c-replies  and  a/c-reports  to  be  received,  the  identification  and  after  that  the 
continuous  correlation  of  identity,  position  and  altitude  for  each  aircraft  (i.e.  the  process  called 
"tracking")  is  one  important  task,  the  evaluation  of  actual  flight  progress  data  (time-over,  altitude, 
velocity,  heading  with  regard  to  defined  control  points)  is  another  one. 

In  conventional  ATC  systems  tracking  and  data  evaluation  is  performed  manually  by  controllers.  A 
more  up-to-date  conception  aims  at  the  utilization  of  digital  computers  to  relieve  controllers,  but  a 
lot  of  problems  with  data  acquisition  (arising  from  technical  deficiencies  of  secondary  radar  and 
short-comings  of  digital  plot  extractors)  and  with  performance  of  computers  (related  to  lack  of  pro- 
cessing power  and  of  reliability)  are  not  yet  solved  statisfactorily.  Practically  all  trials  known  to 
the  author  expanded  routine  tasks  of  controllers  by  adding  tasks  to  be  attributed  to  man/machine  inter- 
face, such  as  release  of  operations,  data  input,  switching  and  monitoring. 

Less  critical  examples  of  secondary  preprocessing  of  data  include  modifications  of  static  data  and 
management  of  dynamic  data  files. 

3.  2.  Approach/departure  and  taxi  guidance  and  control 

Even  very  busy  international  airports  rely  on  automatic  data  processing  for  approach/departure  and 
taxi  guidance  and  control  only  marginally.  There  are  four  main  reasons:  first,  real-time  data  for 
direct  use  in  digital  computers  are  not  yet  available  (see  above);  second,  logical  models  to  yield  the 
optimumi  sequence  of  approaching  aircraft  by  appropriate  selection  and  utilization  of  standard  approach 
routes  and  procedures  are  extremely  complex;  third,  corresponding  software  is  of  little  value,  as 
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long  as  the  flight  progress  data  of  all  approaching  aircraft  are  not  continuously  updated  according  to 
automatically  evaluated  actual  data;  last  not  least  fourth,  computer/controller/pilot/aircraft  inter- 
face problems  making  up  reaction  times  which  harmfully  disperse  the  computed  overflight  times 
assigned  to  the  outer  and  middle  marker  are  not  yet  solved. 

Therefore  approach/departure  guidance  and  control  is  essentially  performed  by  means  of  radar  vec- 
toring and  depends  mainly  on  decisions  of  experienced  radar  controllers.  Compared  to  the  theoreti- 
cal optimum  scattering  of  overflight  times  deviate  up  to  * 20  seconds.  Therefore  EDP-supported 
approach/departure  guidance  and  control  bears  latent  potential  to  improve  runway  capacity  of  busy 
airports,  which  are  bottlenecks  to  air  traffic  today. 

Automatic  taxi  guidance  and  control  is  understood  to  be  an  important  supplement  to  any  future  landing 
system  devised  to  overcome  bad-visibility  conditions. 

3.  3.  Conflict  detection  and  resolution 

Main  objective  of  tactical  control  is  immediate  conflict  protection,  i.e,  conflict  detection  and  conflict 
resolution.  Careful  monitoring  of  the  air  traffic  situation,  perfect  judgement  of  the  development  based 
on  experiences,  quick  reaction,  direct  communication  and  maximum  responsibility  are  features. 
Therefore  well-trained  and  experienced  specialists  (radar  controllers)  do  the  job.  Automatic  data  pro- 
cessing, even  with  coming  techniques,  is  only  good  enough  for  support. 

At  present  electronic  data  processing  is  in  the  state  of  development  and  trial.  Problems  to  be  solved 
are  related  to  those  mentioned  with  tracking  and  approach  guidance  and  control;  acquisition  of  real- 
time data  is  imperfect  with  respect  to  the  degree  of  entirety  and  accuracy;  preprocessing  of  real- 
time data  (tracking)  is  incomplete;  logical  procedures  are  very  complex  (see  /Z/)\  demands  on  pro- 
cessing power  of  computers  are  < xtre.-nely  high  (see  /3/);  efficient  computer/controller  interface  is 
lacking. 

Demands  on  computer  power  ask  for  multiple  data  stream  processing.  Therefore  associative  array 
processors  offer  their  capability.  Results  of  simulations  and  real-life  trials  with  the  application  of 
an  associative  processor  prove,  that  at  least  conflict  detection  with  regard  to  other  aircraft  and  to 
obstacles  could  be  automated  (see  /4/).  This  would  provide  the  basic  requirement  for  automatic  trans- 
mission of  conflict  warnings  (besides  air  traffic  informations)  to  aircraft  flying  primarily  according 
to  visual  flight  rules  (VFR)  via  speech  generation  and  voice  channels  (i.e.  AVAS  = automatic  VFR 
advisory  service  - see  /5/)  or  via  digital  data  link  (i.e.  IPC  = intermittent  positive  control). 

3.4.  Flight  progress  adjustment  (coordination) 

Immediate  conflict  protection  is  very  well  supported  by  mediate  procedures,  i.e.  procedures  of  con- 
flict protection  applied  to  air  traffic  in  advance.  These  comprise;  flight  progress  prediction;  trans- 
formation of  predicted  flight  progress  data  to  nominal  flight  progress  data;  flight  progress  monito- 
ring by  continuous  comparison  of  actual  with  nominal  data;  finally,  according  to  actual  situation,  deri- 
vation of  assignments  to  be  transmitted  to  aircraft  for  better  actual-to-nominal  adjustment  or,  if  not 
possible,  updating  of  nominal  flight  progress  data,  i.e.  nominal-to-actual  adjustment. 

However  regimentation  of  air  traffic  with  reference  to  a fixed  air  space  structure  (fixed  routes,  de- 
fined flight  levels,  restricted  areas),  consequently  reduction  of  freedom  to  move  is  an  attached  pre- 
condition, because  for  practical  reasons  flight  progress  data  have  to  be  referred  to  defined  (along 
route  fixed  or  flexible)  control  points.  Furthermore  flight  progress  prediction  asks  for  provision  of 
flight  plans  describing  flight  intention. 

Predicted  flight  progress  data  of  different  aircraft  may  be  in  conflict  with  each  other.  In  such  cases 
it  is  tried  to  solve  the  ct  nflicts  by  modifications  of  flight  plans.  This  coordination  of  predicted  flight 
progress  data  yields  the  nominal  flight  progress  data.  From  these  data  mandatory  clearances  with 
respect  to  aircraft  movements  are  extracted. 

There  is  one  important  point,  which  is  particularly  striking  in  case  automatic  processing  of  flight 
progress  data  or  system  overload  is  discussed.  Some  basic  data  describing  the  threshold  values  to 
be  imposed  upon  air  traffic  flow  are  needed.  These  values  are  dependent  on  system  capacities,  such 
as  are  runway  capacity,  traffic  flow  capacity  (related  to  control  points)  and  control  capacity,  to  men- 
tion the  evident  ones.  However  the  most  valuable  definition  and  the  evaluation  of  capacities  is  a pro- 
blem, which  is  not  yet  solved  satisfactorily. 

This  fact  is  a severe  draw-back  to  application  of  automatic  data  processing  tc  flight  progress  adjust- 
ment. Another  problem  is  the  lack  of  a comprehensive  logical  model  for  flight  progress  prediction 
and  U.T  solution  of  mediate  conflicts,  though  the  proposed  and  tested  trajectory  prediction  model 
EROCOA  /2/  developped  for  conflict  detection  is  assumed  to  be  a productive  approach. 

At  present  electronic  data  processing  is  confined  to  computation  of  predicted  flight  progress  data  on 
the  basis  of  fairly  crude  models.  The  results  are  usually  printed  on  control  strips  via  teletypes 
about  10  to  30  minutes  ahead  of  time  to  allow  manual  coordination  by  assistant  controllers  or  special 
planning  controllers.  Control  strips  are  largely  used  to  place  clearances  agreed  between  planning 
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controllers  (nominal  data)  and  a/c-replies/reports  (actual  data)  and  related  notes  on  record.  Issue 
of  updated  control  strips  replacing  preliminary  strips  is  released  after  input  of  actual  data  or  of 
manuailv  estimated  data  deviating  distinctly  from  printed  data. 

Control  strip  printing  was  the  first  milestone  passed  towards  a successful  application  of  electronic 
data  processing  to  functions  of  air  traffic  control.  In  son<e  cases  the  computed  data  are  not  printed 
but  presented  on  electronic  data  displays.  However  disadvantages  must  be  accepted,  since  written 
record  of  data  is  no  longer  possible  and  failures  of  the  EDP  system  may  occur.  One  important  advan- 
tage stands  for  compensation;  Data  input  can  be  relieved  essentially  by  program-controlled  display 
of  selected  data  for  touch  input;  therefore  input  and  automatic  exchange  of  data  related  to  coordina- 
tion (actual  c^ta,  estimates,  requests,  clearances,  conditions  of  hand-over)  between  planning  con- 
trollers is  feasible,  thereby  avoiding  time-consuming  switching  of  telephone  lines.  Yet  a critical 
led'iction  of  data  input  with  regard  to  real  profit  of  an  operational  system  is  believed  not  to  emerge 
unless  automatic  updating  of  flight  progress  data  by  means  of  radar  data  is  established  and  the  pro- 
(•e^8  of  prediction  is  improved. 

3.  S.  Flow  planning  and  control 

Problems  w*th  flight  progress  adjustment  arise,  when  air  traffic  con.rol  positions  are  loaded  heavily. 
Then  coordination  injposes  considerable  delays  on  announced  flights  or  yields  restrictions  such  as 
Hr  4*.ed  acceptance  rates  regarding  inbound  aircraft.  The  reason  is,  that  intervention  as  consequence 
of  sl'ort-term  coordination  of  predicted  flight  progress  data  is  coming  too  late.  Only  flow  planning, 
i.e.  t^ng-term  coordination  of  traffic  flow  being  an  integral  part  of  planning  resp.  scheduling  of  air 
traffic  can  help  to  avoid  air  traffic  jam  in  order  to  reduce  severe  restrictions.  Unfortunately  only 
raw  flight  plans  of  periodical  and,  at  the  most,  of  prospective  flights  are  available  in  due  time.  There- 
fore the  portion  of  immediately  announced  air  traffic  (composed  of  private,  business  and  military 
aircraft  flying  according  to  instrumental  flight  rules)  must  be  considered  by  statistical  methods. 

A valuable  or  even  necessary  supplement  to  flow  planning  is  flow’  control,  which  is  defined  as  medium- 
term  control  of  a!i  ;^e  actually  announced  flight  plans  and  of  related  messages  to  detect  impending 
overload  of  control  positions  and  to  l>alance  load  by  either  approval  or  modification  of  flight  plans  or, 
if  possible,  by  well-timed  extension  of  control  capacity. 

To  sum  up:  flow  planning  is  appMed  to  raw*  flight  plans  (and  statistical  data)  and  is  mainly  aiming  at 
air  traffic  jam  protection  comprising  jam  prediction  and  resolution;  flow'  control  is  applied  to  announced 
flight  plans  (and  related  messages)  and  is  mainly  aiming  at  overload  protection;  finally  flight  progress 
adjustment  is  applied  to  approved  flight  plans  and  is  mainly  aiming  at  mediate  conflict  protection  to 
support  tactical  control. 

At  present  national  flow  planning  offices  are  generally  being  instituted.  Electronic  data  processing  is 
usually  confined  to  prediction  of  overlapping  air  traffic,  whereas  possible  solutions  are  derived 
manually. 

Flow'  control  mostly  is  executed  manually  by  planning  controllers  taking  into  account  data  on  control 
strips  and  related  messages.  Often  a s.mple  procedure  is  applied;  As  soon  as  an  impending  overload 
of  the  adjoined  radar  controller  is  individually  recognized  by  the  planning  controller  the  acceptance 
of  further  aircraft  is  restricted 

Problems  with  automatic  data  processing  are  similar  to  those  mentioned  with  flight  progress  adjust- 
ment: lack  of  defined  and  evaluated  capacities  and  deficiencies  of  logical  models  for  overload  predic- 
tion and  solution. 

3.6.  System  control  and  recording 

Capacities  depend  on  the  status  of  the  control  system,  for  example  on  the  extent  of  degradation  of 
data  acquisition  and  processing  facilities,  if  the  control  capacity  is  regarded.  Therefore  the  main 
object  of  system  cc>ntrol  is  monitoring  of  the  total  system  in  order  to  discover  troubles  of  operation 
or  failures  of  components  and.  in  that  case,  to  determine  implication  w’ith  efficiency  and  capacity. 
Eventually  reconfiguration  by  switching  over  to  redundant  components  or.  if  not  possible,  an  appro- 
priate system  degradation  is  attempted  by  system  control  fuiii'ii 

The  aspect  of  recording  is  emphasized  by  the  fact,  that  statistical  interpretation  of  recorded  data 
leads  to  analysis  of  air  traffic  flow  and  of  system  operation.  Corresponding  results  may  support  fo.*e- 
casts  of  traffic  flow  for  flow  planning  and  control  and  of  system  capacities  for  flow  control  and  flight 
progress  adjustment. 

Progress  of  data  acquisition  and  data  processing  implies  semi -automated  system  control.  How'ever 
at  present  nearly  all  system  control  is  done  manually.  Recording  usually  is  restricted  to  preserva- 
tion of  used  control  strips  for  statistical  or  even  jurisdictional  evaluation. 

3.  7.  Weather  data  processing  and  generation  of  flight  information  and  advisory  service  data 

Processing  of  weather  data  occurs  with  flight  progress  prediction  and  with  indication  of  bad-weather 
areas  on  radar  displays.  Electronic  data  processing  is  a basic  requite  ment. 


Generation  of  flight  information  and  advisory  service  data  beyond  conflict  warnings  and  advised  flight 
progress  data  essentially  means  information  retrieval  and  sorting,  therefore  is  closely  related  to 
management  of  data  files.  Classical  stack  processing  is  suitable,  therefore  application  of  EDP  is 
widespread. 


DATA  OUTPUT  AND  DATA  DISPLAY 
4.  2 Data  output  to  aircraft 

Results  of  intrinsic  data  processing  which  serve  for  guidance  of  aircraft  (i.e.  clearances  assignments, 
commands,  warnings,  flight  information  and  advices)  are  transmitted  from  controllers  to  pilots  via 
VHF’Voice  communication.  Automatic  data  transmission  via  up>data*liiik  to  reduce  controller' s load 
is  not  promising  unless  extensive  application  of  automatic  data  processing  is  achieved.  Apart  from 
this  fact  there  are  two  procedural  draw>backs:  first,  transmitted  data  need  conversion  to  optical  or 
acustical  code  to  be  quickly  and  safely  recepted  by  pilots,  which  is  very  costly  and  - more  important  - 
very  problematic  with  regard  to  anthropotechnical  aspects;  second,  voice  contact  between  pilots  and 
controllers  implies  an  important  psychological  power,  which  is  too  eminent  to  be  relinguished.  That 
IS  not  to  say,  that  techniques  like  AVAS  or  IPC  (see:  conflict  protection)  are  without  great  promise. 

4.  Z.  Display  of  approach/departure  and  taxi  situation 

Nominal  and  actual  approach/ departure  data  gained  by  automatic  data  processing  are  presumably  most 
clearly  indicated  by  graphical  display  of  approach/departure  profiles  with  attached  labels  containing 
call  sign  and  altitude.  If  two  aircraft  are  found  on  crossing  ascent  and  descent,  the  vertical  projec- 
tion of  profiles  seems  to  be  more  adequate  for  control  and  guidance.  In  such  special  cases  a free  area 
of  the  screen  could  be  used  for  quick- look  indication  of  projected  profiles  following  touch-input. 

Display  of  approach/departure  profiles  as  indicated  is  in  the  state  of  research  and  development.  Crude 
versions  are  occasionally  tested.  At  present  common  display  of  air  traffic  situation  (see  l)elow)  is 
used  for  approach/departure  guidance  and  control,  whereas  generally  direct  observation  of  runways 
and  taviways  is  utilized  to  control  and  guide  landing  and  taviing  aircraft. 

4.  Display  of  air  traffic  situation 

The  key  to  tactical  control  is  agreed  to  be  a device  indicating  the  actual  air  traffic  situation.  Display 
of  tracked  radar  data  represents  the  most  advanced  technique.  Usually  position  data  '4re  displayed 
graphically  in  form  of  tracks  (i.e.  vectors  or  scries  of  plots  revealing  velocity  and  heading),  which 
are  accompanied  by  labels  containing  transponder  replied  data  (i.e.  identity  or  correlated  call  sign 
and  altitude)  and  on  demand  data  related  to  the  flight  plan.  Preconditions  comprise  digital  plot  extrac- 
tion of  position  data,  correlation  of  primary  and  secondary  radar  data,  tracking  of  correlated  data, 
correlation  of  plan  data  and  radar  data  (also  to  support  tracking)  and  last  not  least  reliable  hardware. 

At  present  analog  radar  indicators  with  rotating  radial  and  separate  SSF^-panel  are  still  wide-spread. 

In  case  digital  displays  are  already  operationally  used,  extracted  radar  data  usually  are  plotted  direct- 
ly. that  is  without  extensive  preprocessing.  Although  false  plots  are  only  suppressed  crudely  and 
correlation  of  labels  often  mist  be  supported  by  manual  input,  improvements  with  respect  to  steady, 
bright  and  clear  data  display  are  acknowledged  by  controllers  To  avoid  problems  arising  with  failures 
of  computers  processing  data  to  be  displayed,  frequently  the  ability  of  equipment  to  switch  over  to 
direct  display  of  analog  data,  also  including  the  crossfading  of  labels,  is  provided. 

4.  4 Display  of  flight  progress  data 

Procedural  control  and  coordination  of  air  traffic  is  based  on  the  display  of  flight  progress  data.  In 
the  beginning  of  air  traffic  control  assistants  converted  flight  plan  data  to  flight  progress  data  manually 
and  noted  the  results  down  on  paper  strips.  At  present  control  strip  printing  is  generally  introduced. 

But  even  today  the  control  strips  mist  be  handed  over  to  controllers,  who  use  strip-tables  for  flexible 
arrangement  of  strips  according  to  the  expected  air  traffic  situation.  Also  manual  updating  of  control 
strips  is  still  exercised  besides  occasional  reprinting  of  strips  (see:  flight  progress  adjustment). 

Though  electronic  tabular  displays  offer  useful  features  for  display  of  flight  progress  data,  applica- 
tion is  often  refused  because  of  lack  of  flexibility  and  reliability.  As  already  mentioned  tabular  or 
touch-input  displays  will  presumably  not  succeed  generally  before  automatic  updating  of  flight  pro- 
gress data  is  solved  satisfactorily 

4.  ^ Display  of  data  related  to  flow  planning  and  control 

Flow*  planning,  i.e.  long-term  coordination  of  raw  flight  plans,  is  principally  an  off-line  function, 
therefore  is  closely  related  to  data  stack  processing  and  time-sharing.  Tabular  displays  with  attached 
dialog  key  board  to  influence  coordination  by  manual  data  input  and  lineprinters  for  output  of  final 
results  are  adequately  used. 

Flow  control  causes  a lot  of  data  to  be  exchanged,  just  as  flight  progress  adjustment  doe.i.  There- 
fore a device  with  capabilities  of  relieved  manual  data  input  is  required.  At  present  touch  input  dis- 
plays and  related  software  are  in  the  state  of  extensive  trial. 
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4.6.  Display  of  status  data  and  system  configuration 

Display  o!  status  data  and  of  system  configuration  serves  system  monitoring.  Modern  computers  are 
equipped  with  electronic  displays  to  supply  actual  status  data  on  request  and  indicate  critical  status 
as  long  as  logically  possible.  With  extensive  application  of  electronic  data  processing  to  support  air 
traffic  control,  status  of  displays,  data  lines,  data  acquisition  devices  and  related  equipment  could 
be  supervised  by  a central  diagnostic  computer  which  is  supplied  with  appropriate  control  signals. 

4 T.  Display  of  weather  data  and  notices  to  airmen 

Weather  data  supplied  by  weather  information  service  usually  are  displayed  to  controll«»rs  on  tele- 
screens via  scanning  of  printed  or  written  notices. 

Notices  to  airmen  are  normally  printed  by  tel^^types  or  lineprinters  spontaneously  on  aspects  of  actual 
interest  or  on  special  request. 
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1 . INTRODUCTION 

Growing  air  traffic  necessitates  the  i-xpansinn  of  lh<'  control  capacity  of  air  traffir-  control.  Manual  opera- 
tions must  In'  replaced  step  by  step  by  aiitomatiMl  system  modules,  Tlierefore  application  of  automatic 
data  processing  to  ATC  requires  systems  with  the  ability  of  organic  growth  and  a certain  inherency  of 
future -orientation.  .Studying  present-day  hardware  concepts  three  trends  are  recognized: 

acceleration  ol  execution  speed  of  a single*  procc'ssor  iiy  microparallel  techniques 
increase  of  reliabilitv  and  pe rforii  am  e Ijy  n ul tiproce s sor - striic ture s 
realization  of  special  arrav-.  assoc  i.itivc*-  and  I O-prote  ssing  subsystems. 

Observing  sof  tw  a re  - re  sea  rc  li  it  can  be  expected* 

facilitation  of  prog r.iii  ining  by  utilization  of  I igber  level  languages  and  by  expansion 
of  the  ha  rdwa  re  - sof  tw  a re  - integ  rat  ion  faciliti'S 

improvement  of  compilers,  control  prograii  s and  operating  svsteins  with  respect  to 
napping  strategies  in  virtual  memory  systen  s and  to  automatic  recognition  of  parallel 
structures  of  procedures. 

Besides  futu  re  - or  le  nta  ti  on  there  are  four  mam  requireii.<*nts  for  ha  rdw  a re  - st  rue  tures  resulting  from 
applications  such  as  radar  data  trachuig,  conflict  deU*ction  and  resolution,  long-term  flight  plan  coordi- 
nation and  flow  control,  flight  progress  adjustment,  reci  rding  and  statistics  application  programs: 

reliabilitv  and  safety 

storage  cajiacity  and  (irocessing  pow**r 
time  behaviour 

- ha  rdwa  re  - softw  a re  - integ  ration  and  software  ri-lated  fc*atures. 

From  these  aspects  some  technologies  and  important  fc*atures  of  cortiputer  structures  are  outlined 
in  the  following  sections. 

J.  RF  LIABILITY  AND  SAFhlTY 

There  is  no  question  about  reliability  and  safety  of  eon,*  liter  systen  s to  be  of  great  importance  to 
ATC  because  of  a certain  dependence  of  buinan  beings  on  these  systems,  which  is  especially  true  in  the 
future,  when  it  will  be  impossible  to  fall  back  to  a manually  operated  system.  Tberi'fore  a redundant 
system  with  graceful  degradation  capabilities  must  be  established. 

Generally  r'*liability  is  achieved  by  the  concepts  of  fail  safe  and  fail  soft.  The  concept  of  fail  safe 
duplicates  elements  or  modules,  so  that  in  casi*  of  a failure  the  system  can  continue*  operation  at  the  for- 
mer level.  Fail  soft  is  a further  step  in  reliable  systen  design  anil  us«*s  fall  back  ti’chnique  to  avoid  a 
total  systen  black  out.  A sufficient  number  of  fall  back  leve'ls  must  be  established  to  meet  all  the  impor- 
tant patterns  of  failure. 

Computer  hardware  is  an  aggregate  of  different  levels.  With  respect  to  reliability  and  safety  circuit-, 
system-  and  s t rue  ture  - leve  1 s should  be  distinguished. 

.Many  investigations  have  been  made  on  the  different  computer  levels  to  solve  reliability  problems. 

On  circuit  - level  there  are  parity  checks  of  memory-,  proci'ssor-  and  I 'O-n.odules  and  data-  and  address- 
busses,  automatic  error  correction,  residue  checking  of  a ri thn .e t ic  and  addre s s - ca Ic ula tions  and  I ()- 
activities,  tin  e-out  of  processor-  and  l/O-e xecutions , and  checking  of  memory  boundaries  when  references 
are  made. 

These  checks  can  cause  error  cejnditions.  If  a failure  has  been  detected  which  cannot  be  repaired 
automatically  on  circuit  level,  fail  - safe -activitie s must  be  provided  on  system  level.  In  this  case  the 
failed  module  must  be  replaced  by  a redundant  one,  so  that  no  loss  in  system  performance  occurs.  If  a 
redundant  module  is  no  longer  available,  fail  soft  mechanisms  must  be  provided  which  permit  emergent  v 
operations  by  reduced  system  performance. 
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A furthiT  aspect  is  fault  isolation  and  tnaintcnance.  Computer  hardware  operating  in  ATC-applica- 
tions  should  have  capabilities  to  isolate  faults  to  a single  card,  and  to  integrate  oni'  or  more  maintenance 
diagnostic  units  to  facilitate  fault  isolation  and  module  test  in  parallel  to  the  computer's  operational 
work.  These  f.icilities  minimize  tlu'  tim«-  intervals  of  the  degraded  mtxle  of  operation  and  maximize 
system  availability. 

The  question  how  redundancy  and  reconfiguration  capabilities  can  be  achieved  yields  to  thi'  organi- 
zation of  the  computer  strtictures  to  be  installed.  Associative  prcjcessor,  multiprocessor  and  compound 
single  processor  structures  have  distinguished  features  with  respect  to  re  I iabi  I ity  a nd  safely. 

In  case  a multicomputer  system  (Fig.  1)  consisting  of  tiior*'  than  two  computers  is  regarded  the  in- 
stallation of  the  inter-computer-connections  is  a difficult  problem.  Besides  there  are  problems  arising 
from  the  interaction  of  different  operating  systems,  and  from  centrally  supervising  the  opi-rational  com- 
puters. These  disadvantages  are  avoided  in  a multiprocessor  structure  (Fig.  2)  where  the  inter- module - 
connections  and  interactions,  and  central  supervisory  functions  are  already  included  within  the  basic- 
system  design.  ConnC'  ’.a  between  moduls  are  arranged  within  a matrix,  which  builds  up  highly  redun- 
dant switches.  Keconi.gui  ation  is  supported  by  hardwari',  because  each  module  is  able  to  gain  access  to 
any  other  one. 

.Moreover,  once  a failure  occurs  in  the  multicomputer  systein  one  complete  computer  falls  down; 
in  the  multiprocessor  systeii  the  overall  performance  is  only  reduced  by  one  module. 

In  case  an  associative  processor  structure  is  regarded  (Fig.  T),  the  failure  of  an  associative  memory 
element  does  not  result  in  a real  reduction  of  performance  because  a single  instruction  stream  controls 
multiple  data  streams  at  the  same  time.  Of  course  the  tlata  not  processed  by  one  failing  element  are 
lost  but  all  other  data  strean  s are  not  affected. 

Failures  of  sequential  units  of  the  associ.itive  structure  produce  probleii  s comparable  to  those  of 
a single  processor  structun-. 


3.  STORAGF  CAPACITY  AND  PF:  H F OH  MANC  K 

In  an  .ATC -compute  r -complex  on-line  prograir  s will  not  be  the  only  functions  sharing  the  resources 
of  the  pool  in  a given  tin.e  interval.  Care  n ust  be  taken  to  allow  the  processing  of  off-line -jobs  such  as 
statistical  evaluation  of  recorded  data,  which  have  to  be  ins<  rted  into  the  system  at  sporadic  intervals. 
Furthermore,  expansion  of  software  packages  will  bi-  an  organically  growing  process,  therefore  the  system 
lay-out  must  include  an  extended  on-line  time  - sha  ring  li-st  system.  These  problems  only  can  be  solved 
by  effective  men  ory  protection  capabilities,  mapping  techniques  which  allow  easy  allocation  and  reloca- 
tion of  programs,  and  a ha  rdwa  re  - supported  time  slicing  algorithm,  all  of  which  make  up  a sophisticated 
multiprog  rammiing  and  time  - sha  ring  system. 

Thrashing  is  a phenoii.enon  which  can  occur  in  such  virtual  memory  systems  when  exchange  of  seg- 
ments or  pages  extends  an  upper  liit  it.  This  limit  is  defined  by  main  n>emory  capacity,  page  memory 
access  time  and  transfer  rate  and  internal  performance.  In  a given  system  configuration  thrashing  can 
be  avoided  strategically  by  optiii.izing  and  estimating  the  memory  requirements  of  a program  or  tacti- 
cally by  suspending  those  Jobs  which  cause  thrashing  until  more  space  is  available.  The  first  method  can 
be  realized  by  the  software  specialist  supported  by  the  compiler,  the  second  method  by  the  control  pro- 
gram supported  by  hardwari-. 

Because  thrashing  highly  reduces  the  total  system  p<-rformance  the  balancing  of  the  hardware  confi- 
guration is  an  important  factor.  Another  extreme  which  should  be  avoided  in  a virtual  storage  environ- 
m.ent  is  the  mere  execution  of  CPF-bounrl  jobs.  In  this  rase  system  balance  is  disturbed  in  the  other  di- 
rection reducing  system  performance,  too.  The  criteria  whether  a job  is  CHL'-bound  or  not  in  a virtual 
storage  environment,  depends  on  the  speed  of  the  processor  and  the  paging  devices.  When  CPU-bounding 
occurs,  the  paging  n.echanisrn  is  passive.  Fig.  4 shows  the  qualitative  dependence  of  system  performance 
on  virtual  to  real  storage  ratio  in  use.  It  can  be  seen,  that  in  a well  balanced  environment  system  per- 
forn  ance  is  increased. 

The  necessity  to  continuously  expand  auton.ation  of  ATC-routines  was  alreatly  mentioned.  In  this 
respect  it  is  interesting  to  consider  the  increase  of  throughput  when  more  parallelism  on  system  level 
is  to  be  installed.  If  in  a given  system  configuration  the  number  of  processors  reaches  a certain  limit, 
the  processing  power  remains  constant  or  even  falls  back  to  lower  values,  because  interferences  with 
other  resources  grow  rapidly.  The  ii.ost  critical  bottlenecks  are  the  main  memory  modules,  the  number 
of  which  must  have  a balanced  ratio  to  the  number  of  the  processor  modules.  Fig.  A shows  that  even 
systems  with  low  parallelism  in  their  module  structure  do  not  yield  the  same  factor  of  throughput  in- 
crease expected  by  n.ultiplying  the  processor  modules. 


4.  T1M1-:  BEHAVIOUH 

Real  time  data  processing  in  ATC  is  connected  with  functions  like  radar  data  tracking,  display  of  air 
traffic  situation  and  conflict  detection  anfl  solution.  In  these  cases  the  computer  must  be  able  to  proce.ss 
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an  incoming  data  flow  according  to  a certain  priority  schei.n:  in  sucli  a way  that  the  output  of  desired 
results  or  actions  is  not  delayed  beyond  critical  limits.  Usually  the  radar  data  queues  arc  scanned  in 
sense-line  triggered  by  clock  pulses.  Therefore  the  time  behaviour  of  the  real-time  system  is  critical 
with  respect  to  a high  execution  speed  rather  than  to  quick  interrupt  handling,  because  no  critical  pro- 
cess reaction  response  times  are  encountered. 

Moreover,  the  tasks  mentioned  above  have  an  inherent  parallelism  in  their  logic  structure  of  data 
processing.  Search  instructions  applied  to  a data  base  consume  a great  part  of  CPU-time  available  in 
conventional  processor  systenis.  Great  advantages  for  the  systei7;’  s time  behaviour  may  be  obtained, 
if  an  associative  processor  (Fig.  3)  is  used,  because  the  execution  times  of  associative  instructions  are 
independent  of  the  number  of  data  (to  which  instructions  are  applied  at  the  same  time).  For  example, 
a search  instruction  is  executed  in  about  1 , 0 microseconds  by  an  associative  processor,  using  a 10-bit 
data  descriptor.  This  time  is  independent  on  the  length  of  the  list.  In  a conventional  large  scale  compu- 
ter an  average  time  of  about  30  ^usec  is  required  for  the  match,  assuming  a tree-structured  list 
a length  of  1024  data  words,  a progratii  loop  of  6 instructions,  and  an  internal  performance  of  2 x 1 0 
instr.  sec.  In  ATC -applications  statically  ordered  lists  regularly  cannot  be  achieved.  Therefore  se- 
quential search  has  to  be  applied,  which  would  yield  an  average  time  of  1 , 5 millisecond  on  given  condi- 
tions. 

The  high  speed  of  2 x 10*'  instr.  sec  of  one  sequential  CPU  is  only  available  with  pipeline  machines 
and  is  accomplished  by  microparallel  techniques,  si;ch  as  look  ahead,  look  aside,  interleaving  and  parallel 
arithmetic  circuits. 

The  first  method  uses  an  IC-buffer  which  is  filled  with  information  before  an  access  is  required  by 
the  execution  unit.  Generally  this  is  done  in  a sequential  way  (first-in-first-out  organization),  and  is 
therefore  suitable  for  instruction  fetching. 

The  look  aside  buffer  is  used  for  temporary  storage  of  data  which  are  often  used.  Each  time  an 
access  is  required  an  associative  address  comparison  is  made  on  the  complete  buffer  with  practically 
no  loss  of  time.  If  the  requested  operand  is  found  in  the  associative  buffer,  the  fetch  is  done  at  IC-speed, 
if  not,  a main  memory  access  occurs  and  transfers  are  executed  to  the  requesting  CPU-register  and  to 
a free  space  in  the  associative  buffer  for  a later  likely  usage.  Because  operands  arc  generally  accessed 
at  random,  no  FIFO-organization  is  suitable. 

Interleaving  is  a method  which  allows  the  CPU  to  access  different  memory  banks  at  the  same  time 
via  independent  memory  module  controls.  The  last  method  uses  different  arithmetic  units  which  can 
execute  arithmetic,  logic,  boolean  or  shift  operations  etc.  synchronously.  All  these  techniques  are  illu- 
strated in  figures  6 and  7. 


S.  SOFTWAKE-RELATED  FEATURES 

The  last  of  the  requiremen's  stated  concerns  with  that  computer  level,  at  which  the  hardware-im- 
plemented functions  of  a nnchii.,  end  and  the  software -implemented  functions  begin.  During  the  design 
phase  of  a hardware  - software  - system,  this  level  influences  both  the  machine  architecture  and  the  language 
structure.  The  efficiency  of  compilation  is  improved  with  the  increas.ng  depth  of  the  ha rdware-softwa re- 
integration of  a machine.  An  example  of  a minimal  integrated  machine  ,s  the  conventional  von-Neumann- 
corr.puter  where  the  execution  of  instructions  is  the  only  supported  function.  In  highly  integrated  systems, 
problem-independent  functions  like  storage  management  and  protection,  generation  of  parallel  tasks  and 
reentrant  procedures  and  block  structured  languages  are  supported  by  hardware. 

As  an  example  of  advanced  hardware  - software-integration,  the  generation  of  the  object  code  of  the 
expression  A = (B  + C)  D is  outlined.  This  expression  consists  of  a hierarchical  operator  structure  which 
is  to  be  transformed  by  the  compiler,  using  an  algorithm  which  yields  the  polish  string  ABC+Djt  = . 

In  the  case  of  a general  register  or  accumulator  machine,  this  string  must  be  processed  by  a further 
compiler  routine.  This  is  done  by  scanning  the  string,  recognizing  the  temporary  results  BCh,  establi- 
shing a scratch  pad  register  and  inserting  operators  and  addresses. 

In  a highly  integrated  machine  (with  respect  to  arithmetic  expressions)  it  should  be  possible  to  exe- 
cute the  polish  string  directly.  This  is  easily  accomplished  in  case  a hardware  stack  organization  is 
used.  Then  the  final  compiler  routine  needs  only  to  scan  the  polish  string  and  to  insert  the  operators. 
During  execution  of  the  code,  all  instructions  make  references  to  the  top  of  the  hardware  stack.  Each 
time  a reference  is  made  the  operands  are  pushed  down  or  popped  up  automatically  by  hardware.  Fig.  8 
shows  the  arithm.etic  expression,  the  polish  string,  the  code  string  generated  by  the  compiler,  and  the 
expansion  and  contraction  of  the  hardware  stack,  when  the  statement  is  executed. 

Considerations  based  on  a similar  expression  which  is  executed  by  a hypothetical  accurrtulator, 
general  register  or  stack  machine  yield  a relationship  in  storage  space  of  100:94:90  and  CPU-time  of 
100:92:86  respectively. 
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I 

Common  Arithmetic  Expression:  A = (B  + C)  • D 

Polish  String:  ABC  + D • = 


Fig.  8:  Stack  Organization  and  Polish  Notation 


Extending  the  iiardware  slack  concept,  a block  structured  language,  the  hierarchical  structure  of 
which  is  comparable  to  the  arithmetic  hierarchical  structure  mentioned  above,  can  be  transformed  by 
the  compiler  in  a similar  way.  For  each  block  or  procedure  entry  an  activation  record  is  prepared  by 
the  compiler  and  filled  with  fixed  information  at  compile  time.  Storage  for  the  variable  information  at 
run  time  is  stack-organized  and  also  part  of  the  record.  Each  record  is  statically  chained  to  the  next 
neighbour  of  the  hierarchical  block  structure  until  the  main  procedure  is  reached  (tree  - structured).  This 
technique  enables  the  maintenance  of  the  valid  environment  at  any  position.  Moreover,  reentrancy  is 
obtained  automatically,  because  the  information  is  stacked  in  the  record.  Therefore  no  comprehensive 
compiler  standard  routines  are  needed,  to  handle  reentrant  procedures.  At  run  time,  the  instruction 
counter  points  to  the  instruction  in  execution  and  the  environment  vector  points  to  the  activated  records 
of  the  environment  in  use.  This  vector  is  stac k- organized  and  updated  by  hardware  whenever  a block  or 
procedure  entry  or  exit  occurs.  This  sophisticated  organization  is  far  away  from  the  von-Neumann-con- 
cept  and  could  only  be  outlined  here. 

In  ATC-applications  a complex,  safe  and  reliable  software  is  required,  also  with  the  ability  of  orga- 
nic growth.  These  requirements  are  supported  by  higher  level  languages,  which  enable  a more  struc- 
tured programming.  In  a system  with  a suitable  hardware-software-integration  a compiled  program  yields 
an  optimized  object  code  because  the  hardware  lay-ou,  is  suitable  for  corresponding  statements  in  a 
similar  manner  as  assembler  instructions  are  for  a more  conventional  hardware. 


6.  CONCLUSIONS 

In  this  paper  some  important  requirements  for  ATC-computer  hardware  were  pointed  out,  and  it 
was  outlined  what  technologies  and  features  are  related  with  these  requirements,  which  are  considered 
to  be  reliability,  storage  capacity,  time  behaviour,  and  hardware-software-integration. 

Reliability  is  achieved  by  the  concepts  of  fail  safe  and  fail  soft,  i.e.  either  by  duplicating  of  modules 
or  by  using  fall  back  and  reconfiguration  techniques,  respectively. 

In  a virtual  memory  system  the  balancing  of  main  and  page  storage  yields  an  optimum  of  system  per- 
formance. If  during  the  organic  growth  of  an  ATC-system  the  throughput  reaches  a certain  limit,  more 
parallelism  has  to  be  installed.  The  most  critical  bottlenecks  in  this  case  will  be  the  main  memory  mo- 
dules, the  number  of  which  must  have  a balanced  ratio  to  the  number  of  the  processor  modules. 
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Real  time  data  pr  'cessing  in  ATC  is  concerned  with  functions  which  have  an  inherent  parallelism 
with  respect  to  the  logic  structure  of  data  flow.  Therefore  great  advantages  regarding  processing  pow'er 
are  obtained  in  case  an  associative  processor  is  incorporated,  because  the  execution  times  of  associative 
instructions  are  independent  of  the  number  of  data  to  which  these  instructions  are  applied. 

In  ATC -applications  a complex,  expansible  and  reliable  software  is  required.  This  is  supported  by 
the  usage  of  higher  level  languages,  which  enable  a more  structured  programming.  A hardware  struc- 
ture with  suitable  software-related  featu’-es  enables  the  con  piler  to  generate  an  optimized  object  code 
from  a program  written  in  a sophisticated  higher  level  language  just  as  it  were  written  in  assembler 
instructions  for  a lower  ha  rdwa  re  - software  - integrated  structure. 
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SUMMARY 

With  the  evolution  of  satellite  system  technology,  there  has  been  increasing  interest,  attention  and 
commitment  directed  toward  exploiting  the  capabilities  and  potential  of  satellite-based  systems  for 
navigation  and  air  traffic  control  (ATC).  The  utility  of  satellite  systems  has  been  extended  from  communi 
cations,  surface  navigation  and  geodetic  applications  into  air  and  space,  and  to  other  functional  areas 
such  as  position  surveillance  for  air  traffic  control,  precise  time  and  time  transfer,  international 
maritime  and  aeronautical  position  location  and  reporting  services,  and  collision  avoidance.  This 
chapter  provides  a summary  of  the  basic  principles  upon  which  the  satellite  systems  operate,  an 
indication  of  their  advantages  and  potential,  a brief  review  of  the  historical  developments,  and  a descrip- 
tion of  the  system  concepts  and  characteristics  of  selected  satellite-based  ATC  systems  which  appear 
to  be  representative  of  the  priicipal  current  candidates  for  filling  this  role  in  the  future.  Communica- 
tion, surveillance,  navigation  and  collision  avoidance  are  discussed  including  certain  operational  aspects 
of  employing  satellite  systems  in  these  applications.  Special  attention  has  been  given  to  those  techniques 
which  appear  most  promising  for  the  over-ocean  and  continental  ATC  functions.  However,  substantive 
discussion  is  included  for  those  satellite  system  developments  which  have  been  oriented  toward  position 
location  and  traffic  control  because  of  the  significance  of  these  efforts  to  the  current  state  of  satellite 
system  technology.  System  concepts  described  include  Transit,  the  Navy  Navigation  Satellite  System; 
the  expanded  Transit,  the  Transit  Improvement  Program  and  the  Twoln-View  concepts;  the  Defense 
Navigation  Satellite  Timing  and  Ranging  (NAVSTAR)  Global  Positioning  System;  the  NASA  Position 
Locati''n  and  Communications  Equipment  (PEACE)  ev periment;  the  maritime  satellite  program  of  the 
Depart.ment  of  Commerce's  Maritime  .Administration;  the  Location  Identification  by  Transmission  (LIT) 
and  the  Satellite  ATC  and  Navigation  (SATAN)  system  concepts.  Particular  emphasis  is  given  to  the 
Aeronautical  Satellite  (AEROSAT)  Program  because  of  its  international  character  and  its  application  of 
satellite  technology  to  immediate  oceanic  ATC  needs.  Satellite-based  techniques  for  continental  ATC 
discussed  include  the  DOT'S  Advanced  Air  Traffic  Management  Systems  (AATMS)  concepts,  and  the 
FAA's  recently  developed  ASTRO-DADS  concept.  Several  of  the  more  significant  benefits  and  limita- 
tions of  these  techniques  are  covered  and  an  indication  is  provided  of  future  trends  for  the  use  of 
satellites  in  air  traffic  control. 

PREFACE 

During  the  past  decade  or  more,  there  have  been  a significant  number  of  investigations  into  the 
feasibility,  practicality,  and  performance  improvement  which  can  be  achieved  by  the  use  of  satellites 
for  position  determination,  time  transfer,  and  other  ATC-related  functioiis.  The  application  of  this 
technology  to  the  fields  of  air  traffic  control,  surveillance,  navigation,  precise  time  transfer,  system 
synchronization,  and  collision  avoidance  has  been  recognized  and  pursued  through  the  development  of 
a substantial  variety  of  system  < oncepts.  Decause  of  the  specialized  character  and  multiplicity  of  the 
syste.Ti  developments,  a description  is  provided  of  the  purpose,  features,  operating  concept,  advantages 
and  limitations  of  many  of  these  systems. 

One  of  the  better  ways  in  which  an  understanding  can  be  obtained  of  the  utility  and  potential  of  the 
satellite  as  an  aid  to  air  traffic  control  is  by,  first,  gaining  some  familiarity  with  the  physical  factors 
and  measurement  techniques  associated  with  satellite -based  systems,  and  second,  reviewing  the  system 
concepts,  implementation  characteristics  and  performance  of  those  systems  which  have  either  had  a 
significant  impact  on  the  development  of  this  field  or  which  form  the  principal  current  basis  for  the 
evaluation,  implementation  or  development  of  future  satellite  systems  for  ATC.  This  is  the 
general  structure  of  the  Chapter.  Air  traffic  control  is  treated  in  its  broadest  context,  however,  the 
principal  areas  of  ATC  assistance  which  the  satellite  provides  are  taken  as  communication  and  position 
determination.  Data  link,  time  synchronization  and  similar  transmission  capabilities  are  grouped  within 
CO  nmunication  while  position  surveillance  by  a central  ATC  facility  and  vchicte  navigation,  or  on-board 


position  location,  are  grouped  within  position  determination.  The  significant  background  of  activity  In 
satellite  communications  is  not  addressed  but  in  general  terms  because  of  the  advanced  operational  status 
of  this  fiel  ' and  the  accessibility  of  this  information  in  ;he  literature.  Navigation  and  position  surveillance 
are  treated  lu  ereater  detail  due  to  the  increasing  importance  of  improved  porition  data  acquisition  to 
upgrading  the  performance  of  the  ATC  process  and  the  capacity  of  the  system.  However,  the  ATC  system 
clearly  must  incorporate  a combination  of  communications,  position  data  and  a variety  of  other  essential 
features  such  as  automation,  display,  procedures  and  human  competence  to  operate  in  an  effective  and 
efficient  manner. 

To  provide  a sound  basis  for  the  description  and  evaluation  of  the  selected  system  concepts,  a brief 
discussion  of  some  of  the  principal  factors  influencing  the  performance  of  satellite  systems  is  presented 
with  particular  attention  to  the  various  measurement  error  contributors,  their  frequency  dependence, 
carrier  frequency  selection,  selected  signal  structure  alternatives,  bandwidth  requirements,  satellite 
constellation  configurations,  ground  station  needs,  and  user  equipment  performance  and  cost. 

The  satellite-based  system  configurations  selected  for  discussion  are  indicative  of  the  system 
techniques  under  consideration  by  defense,  civil,  and  international  agencies.  The  extent  of  the  activi.ies 
may  be  seen  by  the  following:  The  Defense  Department  is  improving  the  capabilities  of  the  operational 
Transit  Navigation  Satellite  System  and  planning  the  development  and  experimental  deployment  of  the 
precursor  to  a highly  precise  Defense  Navigation  Satellite  Timing  and  Ranging  System  (NAVSTAR),  the 
Department  of  Transportation  is  studying  advanced  air  traffic  management  systems  based  largely  on 
satellites,  the  Federal  Aviation  Administration  is  also  investigating  the  ATC  applications  of  satellite 
systems,  the  President's  Science  Advisory  Committee  ATC  Panel  completed  investigations  along  these 
same  lines,  the  Maritime  Administration  is  conducting  communication  and  ranging  experiments  on  NASA's 
ATS-6  Satellite,  and  the  DOT  with  Canada  and  the  European  Space  Research  Organization  is  working 
toward  the  deployment  of  an  aeronautical  satellite  system  which  would  include  communications  and  position 
surveillance  capabilities.  Other  satellite -based  system  concepts  have  been  developed  for  consideration 
as  candidates  for  the  next  generation  ATC  system,  including  systems  designated  LIT,  SATAN,  AATMS, 
and  ASTRO-DABS,  which  will  be  discussed.  The  capabilities  and  potential  benefits  obtainable  from 
these  systems  are  briefly  reviewed  and  evaluated  in  the  context  of  projected  future  requirements  and 
the  existing  and  planned  means  for  providing  ATC-related  services. 

1.  SATELLITE-BASED  SYSTEM  FEATURES 

With  the  evolution  of  space  technology,  it  has  become  apparent  that  satellite  platforms  provide  a desir- 
able means  for  accomplishing  a variety  of  functions.  Placing  emitters  in  space  results  in  significantly 
improved  visibility  of  the  users  served  and  greatly  expands  the  system  coverage.  Also,  since  the  users 
are  within  line  of  sight,  additional  flexibility  is  achieved  in  the  selection  of  the  operating  frequencies  which 
may  be  used.  For  example,  frequency  selection  need  not  be  based  upon  the  ability  of  the  signal  to  propa- 
gate long  distances  around  the  earth,  as  in  the  case  of  LORAN  and  OMEGA,  but  may  be  chosen  so  as  to 
minimize  the  measurement  error  or  the  propagation  losses. 

For  the  functions  associated  with  air  traffic  control,  satellite  systems  have  a number  of  highly  desir- 
able features  and  some  undesirable  aspects.  For  communications  or  data  link  applications,  in  the  large 
area  coverage  and  the  ability  of  the  signal  to  penetrate  into  low  elevation  regions  are  beneficial.  However, 
the  distances  which  typically  occur  between  a satellite  and  user  are  such,  i.e.from  several  hundred  to 
about  20,000  n.mi.,  that  a significant  range  loss  is  involved.  This  normally  is  partially  compensated  for 
by  a combination  of  antenna  directivity  on  either  the  user  vehicle,  the  satellite,  or  both;  the  use  of  high 
power  transmitters  and  low  noise  receivers;  and  the  incorporation  of  signal  structures  which  improve  the 
signal  detectability  and  reliability.  These  techniques  alleviate  the  range  loss  deficiency  to  an  extent  but 
system  constraints,  such  as  low  cost,  low  gain  user  antennas,  normally  preclude  incorporating  sufficient 
complexity  or  sophistication  to  off-set  this  effect.  A disadvantage  is  that  satellite  system  receivers  are 
usually  more  susceptible  to  interference  and  jamming  than  alternative  local  region  systems. 

Satellite -based  systems  provide  an  excellent  means  for  structuring  large  coverage  centrally  managed 
ATC,  surveillance,  navigation  and  '-ommunications  systems.  This  has  traditionally  been  a significant 
feature  of  satellite  communications  systems,  especially  since  the  large  payload  operational  feasibility  of 
geo-stationary  satellites,  and  the  very  large  c.apacity  (bandwidth)  repeater  systems  have  become  available. 

The  space  envin  iiment  is  relatively  ber'-'n  to  orbiting  spacecraft.  If  the  satellite  survives  the  accel- 
erations and  vibrations  of  its  launch  and  pi,  ement  into  orbit,  its  chances  of  providing  uniform,  reliable 
service  are  excellent.  There  are,  of  course,  significant  risks  associated  with  the  launch  of  a satellite, 
since  both  satellites  and  launch  vehicles  are  high  cost  items  and  booster  reliabilities,  although  increas- 
ingly good,  are  not  without  failure. 

In  the  position  location  role,  satellites  can  be  configured  into  orbital  arrangements  which  provide 
excellent  geometries  for  accomplishing  the  position  determination  function.  This  may  be  done  with 
either  synchronous  satellite  systems,  in  which  case  a regional  coverage  capability  is  provided;  or  with 
an  orbiting  constellation  of  satellites  where  worldwide  coverage  may  be  obtained  with  regional  coverage 
provided  on  an  intermittent  basis. 
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2.  HISTORICAL  DEVELOPMENTS 

The  basic  concept  of  the  use  of  artificial  satellites  for  communication  and  position  location  purposes 
has  existed  for  over  two  decades.  The  initial  demonstration  of  satellite  capabilities  occurred  in  1958 
when  a communication  satellite  was  launched.  In  I960,  the  U.S.  Navy's  Transit  Satellite  System  for  ship 
navigation  became  available.  This  system,  using  polar  orbiting  satellites  and  user  measurements  of 
the  doppler  frequency  shift  indicated  acceptable  accuracies  for  many  navigation  applications.  However, 
the  long  periods  required  to  obtain  a position  fix  and  the  intermittent  coverage  made  this  system  unsuitable 
for  civil  aeronautical  and  other  users. 

The  first  satellite  to  achieve  synchronous  orbit,  SYNCOM  2,  was  used  in  1964  and  1965  to  transmit 
low-rate  digital  data  to  aircraft  and  to  receive  transmissions.  NASA's  Applications  Technology  Satellites 
(ATS)  1 and  3,  placed  into  geostationary  orbits  in  1966  and  1967,  respectively,  have  been  used  in  a con- 
tinuing scries  of  cooperative  experiments  between  the  FAA,  NASA,  and  commercial  airlines  to  demon- 
strate high-data-rate  and  two-way  voice  transmission  between  satellite  and  aircraft. 

Successful  ranging  and  position-fixing  experiments  were  performed  with  these  satellites  on  aircraft 
and  ships  during  1968  and  1969  using  two-way  transmissions  and  surface-based  computation.  More 
recently,  the  ATS-5  and  ATS-6  satellites  have  been  employed  to  obtain  basic  propagation  and  ranging 
data  by  NASA  and  the  U.S.  Air  Force.  Additionally,  the  U.S.  Navy  has  employed  its  TIMATION  I and 
II  satellites  to  obtain  similar  ranging  data  and  has  performed  precise  time  transfer  experiments  over 
intercontinental  distances. 

3.  SATELLITE  MEASUREMENT  TECHNIQUES  AND  PERFORMANCE 

It  appears  appropriate  to  briefly  discuss  the  general  elements  of  radio  position  determination 
systems,  and  identify  the  factors  influencing  system  performance,  at  least  those  affecting  accuracy  and 
coverage.  The  user  typically  obtains  information  from  several  stations.  This  information  normally 
takes  the  form  of  range  or  range  difference  measurements,  at  least  for  most  LORAN,  DECCA,  DME, 
OMEGA  and  satellite  system  implementations.  For  hyperbolic  systems,  measurements  are  made  of 
the  range  differences  between  pairs  of  stations;  similarly,  for  ranging  systems,  direct  measurements 
of  propagation  time  which  is  translated  to  range  is  determined. 

Ground-based  systems  typically  operate  in  the  ten  kHz  to  several  hundred  MHz  frequency  range. 

The  propagation  characteristics  of  these  systems  arc  such  that  as  the  frequency  increases,  the  ground 
level  coverage  of  the  system  decreases  markedly.  However,  the  influences  of  the  propagation  medium 
are  generally  reduced  with  increasing  frequencies  which  cause  the  propagational  related  errors  to 
become  smaller,  improving  the  system  precision. 

The  coverage  obtainable  from  an  earth  orbiting  satellite  varies  considerably  with  its  orbital  altitude. 

A satellite  at  about  600  .\'M  altitude  has  an  orbital  period  of  about  1.5  hours  and  covers  about  one  or 
two  percent  of  the  earth's  surface  at  any  instant  in  time.  The  coverage  also  depends  upon  the  minimum 
elevation  angle  at  which  the  satellite  can  be  effectively  viewed  from  the  earth;  typical  values  are  in  the 
order  of  five  to  ten  degrees.  At  an  altitude  of  1000  NM,  about  seven  to  nine  percent  of  the  earth's  surface 
is  visible  and  at  5000  NM  altitude  (an  orbital  perioo  of  about  5.5  hours)  the  strong  dependence  between 
coverage  and  altitude  decreases  significantly,  between  30-35'7o  of  the  earth's  surface  is  visible  at  this 
altitude;  this  very  gradually  increases  to  between  40-45%  at  the  geo-synchronous  altitude  of  about 
19,  200  nm.  It  is  apparent  that  large  regions  of  coverage  are  feasible  with  small  numbers  of  satellites. 
Additionally,  the  coverage  is  obtained  on  a 'line -of-sight  ' basis  which  obviates  the  need  for  selecting 
frequencies  which  diffract  around  the  earth's  surface  in  order  to  obtain  large  area  coverage.  Frequency 
selection  can  be  made  with  increased  flexibility.  Although  the  effects  of  the  troposphere  and  ionosphere 
remain,  they  enter  as  error  components  in  a somewhat  different  manner. 

Error  Contributors 

To  provide  some  perspective  of  the  periormancc  capabilities,  limitations,  and  trade-offs  associated 
with  satellite-based  position  determination  systems,  we  may  briefly  discuss  the  sources  of  measurement 
error  influencing  system  performance.  The  principal  contributors  to  system  error  are  as  follows: 


Thermal  noise 

Man-made  and  natural  interference 
Cosmic,  or  "galactic"  noise 
Jamming 

System  self-jamming 
Satellite  orbital  position  error 


Geodetic  location  uncertainties 
Multipath  effects 
Atmospheric  absorption 
Tropospheric  refraction 
Ionospheric  refraction 
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Thermal  nuise  refers  primarily  to 
the  noise  generated  within  the  receiver; 
cosmic  noise  is  noise  of  extra-terres- 
trial origin;  geodetic  uncertainties  re- 
late to  the  displacement  of  the  satellite- 
based  coordinate  grid  system  to  the 
geodetic  system;  absorption  is  normally 
of  significance  only  in  those  frequency 
regions  where  strong  atomic  or  molecu- 
lar resonances  occur  for  the  constituents 
of  the  atmosphere;  and  the  refraction 
effects  are  of  interest  in  that  they  cause 
signal  propagation  delays,  figure  1 
illustrates  the  one-way  ranging  errors 
resulting  from  the  group  delay  charac- 
teristics of  the  ionosphere.  The  figure 
provides  .c  nominal  indication  of  the 
strong  dependence  of  the  ranging  error 
with  frequency  and  the  variation  in 
error  for  two  conditions  of  antenna 
elevation  (9°  and  54°).  The  values  of 
the  ranging  error  for  selected  frequen- 
cies (0.4,  1.6  and  4.2  GHz)  are  indi- 
cated. At  400  iVtllz  the  errors  are 
reasonably  large  and  a dual  frequency 
correction  approach  for  determination 
of  the  group  delay  (similar  to  that  employed  by  TRANSIT)  is  normally  required  to  achieve  high  accuracy. 
In  the  1-Band  region  (i.6  GHz)  the  error  is  moderate  and  most  of  it  can  be  estimated  by  applying 
operationally  similar  conditions  to  a "model"  of  the  ionosphere  which  incorporates  previously  observed 
data.  At  4 GHz  and  beyond,  the  influence  of  the  ionosphere  is  negligible  and  neither  dual  frequency 
correction  nor  modeling  is  normally  required.  It  should  be  noted  that  the  ranging  measurement  errors 
caused  by  ionospheric  effects  for  the  microwave  region  are  only  a few  feet. 

■Satellite- Based  Techniques  for  Determining  Position 

A variety  of  satellite-based  system  concepts  have  been  considered  as  candidates  for  performing 
the  position  location  function.  The  systeii.  concepts  are  based  upon  the  ii  easiirement  parameters 
available  to  i-ither  the  user  as  a central  facility  for  performing  the  position  rietermination.  The  space- 
based  niea  s irements  employed  in  the  rietermination  of  the  position  of  an  observer  located  on  or  near  the 
surface  of  the  earth  may  be  classed  in  the  following  general  categories: 

lal  Doppler  anrl  doppler  rate  (d)  Measurement  sums  or  differences 

(b|  Angle  and  angle  rate  (e)  Measurement  combinations 

It  I Range  and  range  rate 

Figure  2 illustrates  a number  of  representative  po-  ition  determination  techniques  employing 
satellites.  These  system  concepts  indicate  the  number  of  satellites  required,  the  measurements 
performed,  the  surfaces  of  position  which  are  generated  by  the  measurements  and  comments  concern- 
ing the  system  performance  and  implexi  entation  requirements.  The  salient  characteristics  of  the 
systems,  based  upon  these  measurement  techniques,  may  be  summarized  as  follows: 

ia|  Doppler  ,Meas  irement  - from  a system  of  low  altiturle  satellites  is  an  approach  of  proven  capability. 
Referring  to  A,  this  technique,  successfully  usefi  in  the  Navy  Navigation  .Satellite  System,  requires 
acciirate  knowledge  of  the  satellite  ephemeris  and  the  user's  velocity.  This  information,  com- 
biner! with  measurements  of  the  satellite-observer  relative  motion,  as  determined  by  doppler 
measurements  u{  the  satellite  transit  through  its  region  r>f  closest  approach,  provides  an 
accurate  determination  of  observer  location.  1. imitations  of  this  approach  relate  to  the  use  of 
a relatively  complex  riata  processing  procedure,  and  more  importantly,  the  strong  sensitivity 
between  position  error  and  the  uncertainty  in  user  velocity.  Additional  system  characteristics  of 
concern  include  the  moderate  time  intervals  (5-20  minutes)  normally  required  for  a doppler 
position  determination  and  the  large  number  of  low  altitude  satellites  required  to  assure  a short 
waiting  perioxl  between  satellite  transits. 

(b)  Angle  Measurement  - by  a space -lifxrne  system,  shown  in  B,  normally  includes  a pair  of  crossed- 
baseline  space-borne  interferometers  extending  from  a single  satellite.  Each  interferometer 
baseline  is  of  a dimension  equivalent  to  a large  number  of  wavelengths  (e.  g.  , several  hundred). 

I he  length  of  the  baseline  establishes  the  number  and  angular  tiimensions  of  the  grating-lobe 
structure  subtended  by  the  baseline  aperture.  It  is  the  resolution  provided  by  the  grating-lobe 
structure  of  an  interferometer  which  makes  possible  accurate  angular  measurement  of  the  user's 
position  in  space.  The  angle  measurement  technique  provides  a desirable  feature  in  that  full 
coverage  for  a specified  satellite  visibility  region  may  be  obtained  from  a single  satellite. 


CARRIER  FREQUENCY  ( GHZ ) 

Figure  1 - Ionospheric  Propagation 
Ranging  Error  with  1-  requency 
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Figure  2 - Representative  Satellite-Based  Position  Determination  Techniques 
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Accurate  knowledge  of  the  Batellite  baseline  orientation  in  space  Is  necessary  for  this  technique. 
A variation  of  this  approach  is  shown  at  C. 


I 


(c)  Range  Measurement  - from  multiple  satellites  as  shown  in  D and  E provides  a means  for 

instantaneous  position  location  by  determination  of  the  intersection  of  multiple  spheres  of  position. 
Minimally,  determination  of  the  ranges  of  two  satellites,  and  the  aircraft  altitude  are  required 
for  a unique  instantaneous  position  determination.  For  a 3D  determination,  completely  independ- 
ent of  observer-derived  inputs,  three  satellites  are  required.  Normally,  the  satellite  systems 
associated  with  the  ranging  technique  are  not  appreciably  different  from  conventional  communica- 
tions satellites,  i.  e.  , they  may  consist  of  simple  transponders.  A sufficient  number  of  satellites 
in  a favorable  geometric  arrangement  must  normally  be  provided  by  the  orbital  constellation  for 
the  desired  system  accuracy  to  be  obtained. 


(d)  Range  and  Range  Rate  Systems  - for  determining  the  position  of  a satellite  with  respect  to  an 

observation  point  on  earth  have  been  employed  for  some  time.  This  technique  is  illustrated  by 
F and  G.  The  NASA  Goddard  range  and  range  rate  (RARR)  satellite  tracking  system  has  provided 
results  of  excellent  precision.  The  addition  of  the  range  rate,  or  doppler,  information  to  the 
ranging  data  provides  a supplementary  approach  for  obtaining  a position  fix.  Each  pair  of  doppler 
readings  generates  a hyperbolical  surface  of  position.  Two  sets  of  doppler  determined  surfaces 
of  position  provide  a line  of  position  which  may  be  combined  with  the  ranging  data  to  establish  a 
position  fix.  Incorporation  into  the  system  of  range  rate  information  in  addition  to  multiple 
satellite  ranging  increases  the  complexity  of  the  computer  processing  involved  but  provides  a 
means  for  improving  thi-  accuracy  of  position  determination. 


(e)  Range  Difference  Measurement  - between  pairs  of  satellites  as  shown  in  H,  provides  a method 
for  obtaining  hyperbolic  position  determinations  from  space-borne  stations.  Ground-based 
hyperbolic  techniques  such  as  LORAN,  DECCA  and  OMEGA,  have  been  used  successfully  for  a 
number  of  years,  particularly  for  long  range  over-ocean  navigation.  The  application  of  this 
technique  requires,  minimally,  one  additional  satellite  to  that  of  a ranging  configuration  since 
differences  measurements  between  pairs  of  sateilites  are  involved. 

(f)  Pseudo-Ranging  and  Time  Measurement  - can  be  accomplished  as  shown  in  I and  J,  which  illus- 
trates two  4-satellite  ranging  concepts.  This  configuration  allows  the  user  to  operate  passively 
(no  transmission)  and  without  a lights  stable  clock.  It  is  possible  to  obtain  a 7-dimensional  fix, 
in  that  3D  position,  3D  velocity  and  time  are  determined. 


(g)  Measurement  Combinations  - of  many  types  are  possible.  Several  examples  of  these  have  been 
shown  in  the  system  technique  figures. 

4.  FIELDS  OF  APPLICATION 


The  applications  of  sateilite  system  technology  to  air  traffic  control  and  related  fields  have  been  inves- 
tigated and  in  some  cases  implemented  for  a number  of  years.  Communications  repeaters  have  been  tested 
with  aeronautical  and  ground  based  systems  for  both  civil  and  military  uses.  A satellite  system  has  been 
used  operationally  for  over  a decade  for  navigation,  and  a variety  of  time  transfer  and  synchronization 
operations  have  been  routinely  accomplished  from  space.  Additionally,  a number  of  applications  have  been 
investigated,  some  of  which  do  not  directly  relate  to  ATC,  which  indicate  tbe  versatility  of  appropriately 
configured  satellite-based  systems.  These  applications  include  area  navigation,  vehicle  or  unit  location, 
collision  avoidance  and  proximity  warning,  search  and  rescue,  survey  and  geodesy,  instrument  landing 
system  guidance,  vehicle  or  satellite  tracking,  calibration  for  photo  mapping,  velocity  determination  and  a 
variety  of  defense  uses. 


The  application  of  satellite-based  communication  and  position  determination  systems  to  air  traffic 
control  has  undergone  extensive  investigation  by  several  agencies  of  tbe  government.  Representative 
examples  of  these  activities  are:  The  Department  of  Transportation  ATC  Advisory  Committee  Report 
investigated  and  made  recommendations  concerning  the  utility  of  a space-based  position  data  acquisition 
system  which  would  operate  within  the  ATC  framework.  The  Ad  Hoc  ATC  Panel  of  the  President's  Science 
Advisory  Committee  (PSAC)  analyzed  the  feasibility  of  a satellite-based  system  for  Continental  United 
Stales  (CONUS)  ait  traffic  control  as  an  alternative  to  the  planned  upgrading  of  the  current  (third  gener- 
ation) Air  Traffic  Control  Radar  Beacon  System  (ATCRBS).  The  Department  of  Transportation  (DOT)  has 
funded  substantive  investigations  of  the  feasibility,  benefits  and  econorr.ic  viability  of  satellite -based  air 
traffic  management  systems  through  their  Transportation  Systems  Center  in  Cambridge,  Mass.  Addition- 
ally, the  Federal  Aviation  Administration  (FAA)  has  investigated  satellite -based  systems  as  possible 
candidates  to  supplement  or  replace  selected  elements  of  tbe  ATC  system. 

The  FAA  and  the  DOT  are  very  much  Involved  in  tbe  Aeronautical  Satellite  Program  - a cooperative 
venture  between  the  United  States,  Canada  and  Europe  which  may  involve  other  partners.  AEROSAT  is 
configured  to  provide  highly  reliable  oceanic  ATC  communications,  data  link  and  position  surveillance 
services  to  over-ocean  traffic  which  could  result  in  providing  more  direct  routes  and  reducing  tbe  coat 
of  the  Flight  Information  Region  (FIR)  structure. 
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There  also  has  been  considerably  increased  concern  in  the  collision  avoidance  and  proximity  warning 
area,  which  in  many  system  implementations  involves  the  use  of  a space-based  technique  for  time  synchro- 
nization or  position  determination,  or  both.  The  use  of  spacc-borne  systems  for  all  categories  of  instru- 
ment ianding  approaches  has  been  considered  and  is  under  investigation  by  the  Defense  Department  and 
others. 

The  applications  to  vehicle  location,  geodesy  and  survey  are  readily  apparent.  It  should  be  noted  that 
one  of  the  most  accurate  and  frequently  einployed  methods  for  obtaining  geodetic  information  on  a world- 
wide basis  for  some  years  now  has  been  through  the  use  of  observations  performed  on  orbiting  satellites, 
e.g,  the  GEOS  scries  of  satellites.  The  capability  provided  by  certain  systems  for  the  transferral  of 
precise  time  from  one  location  to  another  has  been  both  scientifically  and  operationally  useful.  There 
are,  as  the  list  indicates,  a number  of  Defense  uses  for  space-based  position  location  data,  including 
the  delivery  of  material,  weapons  and  men,  reconnaissance  and  various  other  missions  contained  within 
the  items  discussed. 

5.  SYSTEM  CONCEFTS  AND  CIIAK ACTEKISTICS 

Table  I lists  a number  o’’  satellite -based  systems  and  system  concepts  which  have  been  selected  for 
description,  comparison  and  evaluation.  The  sponsoring  ageiu  ies  are  indicated  in  the  table  as  are 
the  principal  functions  of  the  systems,  i.e.,  navigation  (N),  position  surveillance  (S),  or  communication 
(C)  which  includes  data  link  capabilities.  The  priority  associated  with  each  of  these  functions  in  the 
context  of  each  system's  current  configuration  is  indicated  by  the  ordering  in  the  right  column  of  Table  I. 
The  other  columns  attempt  to  establish  the  development  or  operational  status  of  the  systems  and  are 
self-explanatory.  The  interpretation  of  system  development  status  in  Table  1 should  be  considered  a 
judgemental  interpretation  based  primarily  on  the  information  available.  However,  the  table  is  believed 
to  represent  a reasonably  valid  indication  of  the  current  status  for  each  system  concept,  even  though 
the  information  in  the  table  will  require  updating  with  time. 

About  half  of  the  systems  considered  in  the  table  are  system  concepts  which  have  -,o  clear  experimen- 
tal or  operational  plans.  Similarly,  it  should  be  noted  that  only  one  satellite-based  system  is  operation- 
ally deployed;  the  Navy  Transit,  or  NNSS  system.  There  is  a notable  lack  of  other  systems  which  are 
planned,  or  approved  for  operational  deployment.  About  half  of  the  system  concepts  have  proceeded  to 
the  point  where  plans  have  been  configured  for  experimentally  testing  the  concepts.  In  most  of  these  cases, 
a limited  experimental  program  has  been  funded  which  typically  attempts  to  resolve  certain  technical 
issues  on  a limited  deployment  basis.  Two  of  the  system  concepts  which  have  progressed  to  the  system 
test  and  demonstration  stage  are  essentially  long-standing  single  satellite  system  concepts,  which,  there- 
fore, involve  relatively  small  risk  and  modest  funding  levels  for  completion  through  this  phase.  We  now- 
may  discuss  the  principal  characteristics,  including  the  similarities  and  differences,  of  the  selected 
system  concepts. 


TABLE  I 

SPACE-BASED  POSITION  DETERMINATION  SYSTEMS 


System  name  Sponsoring 
agency 
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expert-  stration  tional  opera-  N-Navigation 
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program  deployed  planned  system  C-Communication 
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(funded) 


DOD/USN 

DOD/USN 
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NASA 
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S,  N 
S,  N 
S,  C,  N 
S,  C,  N 
S,  C,  N 
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(a)  Transit/NNSS 


The  Navy  Navigation  Satellite  System  (TRANSIT  or  NNSS)  has  provided  position  fixing  information 
on  a world-wide  basis  to  surface  and  sub-surface  users  since  1964,  TRANSIT  is  an  all-weather,  passive 
user  navigation  system  that  provides  accurate  navigation  capabilities,  normally  latitude  and  longitude, 
to  better  than  0.1  NM.  Timing  signals  transmitted  from  the  satellites  of  the  system  are  synchronized 
with  Universal  Time  Coordinated  (UTC)  to  within  200  microseconds.  The  TRANSIT  system  is  composed 
of  three  subsystems:  a constellation  of  satellites,  a network  of  tracking  stations  that  continuously  moni- 
tor and  update  the  satellite's  navigation  data,  and  the  user's  receivers  and  computers. 


Operational  use  of  the  TRAMSIl  system  began  in  July  1964  and  the  system  has  been  in  continuous 
operation  since  that  time.  The  shipboard  receiver  was  released  for  commercial  manufacture  and 
civil  use  in  June  1967.  There  are  now  more  than  150  commercial  and  250  military  receiver  systems 
in  operation  using  the  navigation  data  from  TRANSIT.  The  satellite  comitellation  consists  of  a minimum 
of  four  (currently  five)  satellites  in  circular  polar  orbits  at  an  altitude  of  approximately  600  NMs.  The 
satellites  transmit  frequencies  of  approximately  150  and  400  MHz  and  the  user  determines  his  position 
by  measuring  and  examining  the  doppler  shift  of  these  signals.  There  are  four  ground  stations  which 
track  and  update  each  satellite's  ephemeris  and  time  synchronization  data.  The  control  center  at 
Point  Mugu,  California  provides  the  system  tracking  and  data  injection  facilities,  the  central  computer 
center  and  an  operations  and  communications  center. 


(b)  Transit  System  Upgrading 


TABLE  II 


TRANSIT  UPGRADING  TECHNIQUES 


For  several  years  I e Navy  has  been  concerned 
with  upgrading  the  capabilities  of  the  TRANSIT  system. 

A listing  of  techniques  which  have  been  considered  for  « 
upgrading  TRANSIT  is  shown  in  Table  II.  Improvements 
are  planned  in  several  areas  but  the  long  term  details  of 
the  Navy  program  in  this  field  are  not  completely  estab-  i 
lished  at  this  time.  The  Expanded  TRANSIT  system 
concept  relates  primarily  to  the  expansion  of  the  current 
TRANSIT  satellite  constellation  for  the  purpose  of  reduc- 
ing the  average  waiting  period  between  satellite  passes,  « 
or  transits.  The  ..urrent  system  deployment  has  an 
average  waiting  period  of  about  100  minutes,  but  this 
period  is  latitude  dependent  being  longer  near  the  equator 
and  shorter  toward  the  poles-  The  Expanded  TRANSIT 
concept  also  addresses  the  redaction  in  the  time  interval 
required  to  obtain  a position  fix,  through  an  improved 
computer  program  in  the  receiver  and  certain  other 
refinements,  and  the  use  of  the  system  in  a dynamic  « 

(e.g.,  aircraft)  environment.  To  this  end  means  for  incor- 
porating a satellite-based  ranging  signal  have  been  devel- 
oped which  provide  the  features  indicated.  The  ranging 
signal  employs  a pseudo-random  noise  (PRN)  phase  code 
modulation,  sue,,  as  BINOR  or  similar  spread  spectrum 
signal  format  for  the  transmission  of  precise  time  and  for 
direct  precision  range  determination.  The  PRN  code 

allows  satellites  to  be  tracked  individually,  even  though  their  doppler  frequencies  may  cross,  and 
provides  maximum  multipath  suppression  - a condition  especially  important  to  aircraft  users.  The 
PRN  modulation  is  designed  so  as  to  be  transparent  to  current  TRANSIT  navigation  user  equipment; 
if  the  current  or  an  expanded  satellite  constellation  continues  to  transmit  the  old  signal  any  existing 
equipment  can  continue  to  operate  with  no  change  in  performance. 


Satellite  Constellation  Expansion 

- Reduces  period  between  fixes 

Ephemeris  Accuracy  Enhancement-DlSCOS 

- Improves  fix  accuracy 

- Allows  longer  period  between  updates 

Inclusion  of  Ranging  Signal  - PRN/BINOR 

- Allows  ranging 

- Shortens  fix  interval 

- Improves  accuracy 

- Improves  operation  in  dynamic 
environment 

- Enhances  AJ,  acquisition  performance 

Improved  Fix  Program  in  Receiver 

- Provides  greater  flexibility 

- Allows  use  of  simpler  receiver 

- Use  of  shorter  doppler  counts 

- Decrease  of  required  transmission 
duration 


Other  improvements  in  TRANSIT  have  been  considered  in  the  TRANSIT  Improvement  Program  (TIP) 
which  is  basically  concerned  with  increasing  the  survivability  of  the  system.  These  efforts  have 
included  hardening  the  satellites  to  radiation  effects,  enhancement  of  the  accuracy  of  the  satellite 
constellation  ephemerides,  and  shortening  the  duration  of  the  satellite  observation  interval  necessary 
to  obtain  a position  fix. 


A technique  for  improving  the  accuracy  and  reliability  of  satellite  orbital  predictions  is  under  devel- 
opment which  has  the  important  operational  advantage  of  greatly  extending  the  period  of  acceptable 
performance  of  the  system  in  the  event  of  loss  of  one  or  more  ground  stations.  This  system,  called 
DISCOS,  for  disturbance  compensation  system,  uses  the  detection  of  the  relative  motion  of  a freely 
suspended  ball  located  within  a container  equipped  with  sensors  which  indicate  the  ball's  position.  The 
container  is  an  integrable  part  of  the  satellite  and  therefore  influenced  by  the  drag  forces  acting  on 
the  spacecraft.  The  ball  is  in  "free  fall"  and  by  sensing  its  motion  it  is  possible  to  compensate  for  the 
drag  (and  other)  disturbances  by  applying  small  thrusts  to  the  satellite.  The  overall  affect  is  to  correct 
the  orbit  to  one  essentially  free  from  drag  and  thereby  significantly  enhancing  the  stability  and  predicta- 
bility of  the  satellite  orbit.  The  first  experiments  of  these  new  techniques  are  now  in  progress  using  the 
TRIAD-I  (Transit  Improved  and  DISCOS)  experimental  satellite  launched  in  September  1972.  Results 
from  these  and  further  experiments  will  be  used  to  determine  the  configuration/cost  schedule  options 
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for  providing  the  most  effective,  usefui  TRANSIT  system  for  the  future. 

It  is  interesting  to  analy/.c  and  review  the  need  for  the  continuation  of  the  TRANSIT  system  In  the 
context  of  the  various  other  operational  and  developmental  system  alternatives  which  appear  promising 
or  planned.  Indications  are  that  the  operational  TRANSIT  system  capabilities  must  be  improved  if 
the  viability  and  utility  of  the  system  to  support  Navy  missions  is  to  be  maintained  to  the  mid-1980  time 
frame.  The  principal  operative  factor  influencing  the  situat'on  is  the  realistic  time-table  for  the  opera- 
tional deployment  of  a follow-on  precision  wcild-wide  navigation  system,  such  as  the  Defense  Naviga- 
tion Satellite  System  (DNSS),  the  most  promisirg  current  candidate  to  replace  TRANSIT.  Current 
planning  for  the  DNSS  indicates  an  experimental  demonstration  deployment  in  the  latter  half  of  the  1970' s 
and  possible  operational  deployment  in  the  early  1980's.  Also,  a reasonably  long  (several  to  ten  years) 
phase-over  period  is  normally  required  for  the  introduction  of  any  large  new  system  such  as  the  DNSS, 
and  this  is  not  usually  initiated  until  the  new  system  is  fully  deployed.  It  is  likely  that  the  early  or 
mid-1980's  is  not  an  unreasonable  estimate  of  the  minimum  required  "lifetime"  for  the  TRANSIT  system. 

(c)  Two-In- View  TRANSIT  (TIV) 

The  TIV  TRANSIT  system  concept  was  conceived  as  a moderate  cost,  world-wide,  continuous, 
all-weather,  high  accuracy  satellite -based  system  which  would  capitali/.c  on  the  base  of  TRANSIT 
technology  and  serve  both  suitably  equipped  dyna- lic  users  and  those  users  normally  served  by  the 
current  TRANSIT  system.  The  TIV  system  is  capable  of  providing  significantly  improved  navigation 
information  to  dynamic  users  (typically  aircraft)  by  utilizing  in  a "hybrid"  manner  the  data  available 
from  the  platform's  dead-reckoning  system,  such  as  an  inertial  platform  or  air  data  system. 

The  system  cci  cept  consists  of  a 30  satellite  orbital  constellation  with  five  equally  spaced  polar 
rings  and  one  equatorial  ring  operating  at  an  orbital  altitude  of  1465  NMs.  This  arrangement  provides  at 
least  two  satellites  always  in  view  throughout  the  world  and  allows  for  all  tracking  support  to  be 
accomplished  from  installations  within  the  United  States. 

Updated  versions  of  the  current  TRANSIT  (Oscar)  satellites  could  be  employed  which  transmit 
two  continuous  navigation  signals  at  approximately  150  MHz  and  400  MHz.  Both  signals  are  modulated 
with  a pseudo-random  noise  (PRN)  code,  which  is  required  to  overcome  cross-satellite  interference 
problems.  This  modulation  also  yields  moderate  jamming  immunity  by  providing  processing  gains 
of  30  db  or  greater.  Both  range/doppler  navigation  signals  arc  tracked  and  used  to  correct  ionospheric 
refraction  effects,  and  the  result  is  equivalent  to  the  use  of  a single  frequency  transmission  at  ?.500  MHz. 

The  simultaneous  tracking  of  two  continuously  available  satellites  and  the  use  of  an  improved 
satellite  ephemeris,  coupled  with  the  exploitation  of  both  doppler  and  range  measurements,  yields 
greatly  improved  navigation  performance  on  a continuous  and  world-wide  basis.  Typically,  the  initial 
fix  would  be  obtained  after  five  minutes  of  satellite  data,  with  subsequent  updates  provided  every  four 
seconds  as  long  as  satellites  are  continually  acquired  and  tracked.  In  addition  to  the  position  and 
velocity  information,  the  fix  computation  recovers  time  and  frequency  calibrations  for  the  navigator's 
oscillator  or  clock.  Since  the  initial  studies,  the  TIV  concept  has  not  been  supported  by  the  Navy 
because  of  technical  and  operation.il  considerations  and  is  currently  not  considered  as  a candidate  for 
system  implementation. 

(d)  Defense  Navigation  Satellite  Time  and  Ranging  (NAVSTAR)  System 

The  NAVSTAR  global  positioning  system, 
which  is  conceptually  planned  to  satisfy  selecti  d 
DOD  navigation  needs,  and  provide  navigation 
data  to  an  unlimited  number  of  passive  users. 

The  NAVSTAR  techniques  typic.ally  involve 
simultaneous  measurements  by  a user  of 
range  information  to  a number  of  satellites. 

Systerr  Description 

A NAVSTAR  implementation  consists  of 
three  basic  parts,  or  segm'ints:  space,  ground, 
and  user  equipment,  as  shown  in  Figure  3,  The 
space  segment  consists  of  satellites  which  serve 
as  platforms  for  the  navigation  signal  emmiters. 

The  orbital  paths  of  the  satellites  are  designed 
to  provide  multiple  satellite  visibility  to  the  users 
and  favorable  satellite  system  geometries  for 
position  determination.  Full-time,  worldwide, 
instantaneous  availability  of  the  system's  capa- 
bilities can  be  provided  by  a variety  of  satellite 
constellation  arrangements;  thi  se  typically  in- 
volve the  deployment  of  a 20-27  satellite  space 
segment.  The  ground  segment  consists  of  a 
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central  control,  monitoring,  and  processing  facility,  or  "master"  station,  and  a network  of  remote 
stations  arc  used  to  determine  orbit  information  and  may  serve  as  the  space/ground  communications 
interface  for  control  of  the  satellites.  In  some  concepts,  special  local  calibration  stations  may  be 
desired  to  refine  and  decrease  certain  error  components  within  a local  region  where  maximum  position 
accuracy  is  of  primary  importance  (e.g.,  within  a tactical  area  of  operation).  The  user  equipment 
segment  consists  of  receiving,  processing  and  display  equipment  which  accomplish  the  range  measure- 
ments and  from  this  data  computes  and  displays  position,  velocity  and  time  data  as  appropriate.  User 
equipment  can  be  configured  to  satisfy  the  varying  needs  of  several  general  categories  of  users,  ranging 
from  high  performance  aircraft  to  foot  soldiers. 

Capabilities 

NAVSTAR  is  characterized  by  long  baselines  in  space  and  line-of-sigbt  operation  between  users  and 
satellites  which  inherently  offers  performance  advantages  in  terms  of  accuracy,  coverage,  data  availa- 
bility and  timeliness.  Some  of  the  more  important  capabilities  of  this  satellite-based  system  as  it 
applies  to  Defense  (and  other)  needs  are  as  follows; 

• Position  fixing  to  tens  of  feet  in  three  dimensions  • Basis  for  worldwide  common  grid  coordi  - 

• Accurate  determination  of  velocity  vector  and  time  nate  system 

• Continuous  availability  of  navigation  data  in  real  • Worldwide  or  regional  coverage  feasible 

time  • Provides  general  navigation  capability  - 

minimizes  proliferation  of  special  purpose, 
or  regional,  systems 

The  passive  user  of  the  system  normally  requires  at  least  four  satellites  in  view  as  shown  in 
Figure  5 to  obtain  both  continuous  three  dimensional  (3D)  position  and  system  timing  information.  This 
techrdque  obviates  the  requirement  for  the  passive  user  to  maintain  a highly  stable  "clock"  for  ranging 
(to  three  satellites)  but  docs  so  at  the  expense  of  an  additional  satellite  (i.e.,  four)  always  in  view. 

The  timing  data  provides  the  necessary  frequent  user  updating  capabilities  which  allows  the  ranging 
measurements  to  be  made  with  a relatively  low  quality  user  clock.  This  technique  is  frequently  termed 
"pseudo-ranging"  because  direct  ranging  measurements  providing  a ,D  determination  of  position  to  the 
passive  user  are  not  obtained  independently  but  are  achieved  only  in  combination  with  the  timing  data 
determined  through  the  observation  of  a four  satellite  constellation. 

General  Navigation  Characteristics 

Navigation  system  limitations  or  deficiencies  frequently  limit  the  effectiveness  or  utility  of  military 
and  other  operations.  There  have  been  many  investigations  directed  toward  establishing  the  navigation 
system  characteristics  which  are  important  to  the  accomplishment  of  Defense-related  mission  responsi- 
bilities. Knowledge  of  these  general  characteristics  combined  with  detailed  determinations  of  the 
features  and  limitations  of  specific  system  candidates  provides  an  important  base  of  data  for  the  guidance 
and  direction  of  the  development  of  new  capabilities  and  the  upgrading  of  current  resources,  A qualita- 
tive indication  of  those  navigation  system  characteristics,  identified  as  essential  or  desirable  for 
Defense  navigation  systems,  are  consistent  with  the  capabilities  of  navigation  satellite  systems,  as 
indicated  earlier. 


TABLE  lU.  DEFENSE  NAVIGATION  SYSTEM  CHARACTERISTICS 


ESSENTIAL 


• Worldwide  coverage 

• High  Accuracy 

• Common  grid  capability 

• Continuous  availability  in  real  time 

• Passive  user/non-saturable  system 

• Acceptable  survivability,  security,  anti-jam 

• Operation  with  dynamic  users 

• Satisfactory  portability/ size /weight 

• Minimal  frequency  allocation  problerr.s 

• Freedom  from  ambiguities 

There  has  been  recognition  by  a significant  part  of  the  navigation  community  that  satellite-based 
radio  navigation  systems  are  technologically  feasible  and  that  they  can  satisfy  nearly  all  identified 
military  navigation  requirements.  Feasibility  of  these  systems  has  been  established  principally  through 
the  extension  of  the  results  of  individual  experiments,  analytical  investigations,  and  the  use  of  applicable 
data  and  developments  in  the  navigation  satellite  and  related  fields,  especially  satellite-communications. 

Prior  Investigations 

We  may  summarize  some  of  the  recent  efforts  by  the  military  departments  which  have  assisted  in 
providing  the  building  blocks  on  which  to  base  a NAVSTAR  concept.  These  activities  include  a 


DESIRABLE 

• All  ground  stations  on  U.S.  territory 

• Minimum  propagation  limitations 

• Acceptable  operation  underwater 

• Provide  worldwide  time  reference 

• Compatibility  and  integrability  with  other 
military/civil  systems 

• Evolutionary  growth  from  R&Dto  opera- 
tional capability 
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substantial  background  of  studies  and  experimental  work  into  system  techniques,  applications,  technology 
and  cost.  Representative  of  recent  experimental  efforts  are  the  launch  and  testing  by  the  Navy  of  two 

f experimental  satellites,  TIMATION  1 (launched  in  May  1967)  and  TIMATION  II  (in  September  1969),  which 

were  placed  in  500  NM  70°  inclination  orbits.  The  satellites  used  150  and  400  MHz  signals  with  side-tone 
modulation  to  determine  propagation  delays  and  provide  the  ranging  measurements.  These  satellites 
demonstrated  the  feasibility  of  navigation  by  passive  ranging  from  satellites  of  known  ephemerides,  and 
were  used  as  test  beds  for  the  improvement  of  satellite-to-ground  transmission  links,  spaceborne  stable 
oscillators,  satellite  attitude  stabilization  devices,  ranging  signal  measurement  accuracy,  and  pre- 
liminary determination  of  the  total  position  fixing  error  budget. 

Medium  altitude  and  high  altitude  (typically  earth  synchronous)  systems  concepts  have  been  investi- 
gated, principally  by  the  U.S.  Navy  and  Air  Force  under  the  program  designations  TIMATION  and 
System  621  B,  respectively.  These  system  concepts  now  will  be  briefly  described, 

(e)  TIMATION  System  Concept 

The  TIMATION  navigation  satellite  system  concipt  v;as  developed  by  the  U.S.  Navy  in  their  efforts 
to  determine  the  technical  feasibility  of  a satellite -based  system  to  provide  worldwide,  continuous, 
accurate  3D  position  and  velocity  to  passive  users.  Position  determination  accuracies  of  tens  of  feet 
are  estimated  for  the  system,  basee.  upon  analytical  and  experimental  investigations.  The  TIMATION 
concept  consists  of  a constellation  of  z?  satellites  and  a network  of  four  ground  stations.  The  ground 
stations  may  all  be  located  on  U.S.  territory  and  can  provide  the  tracking,  time  management  and  control 
of  the  system.  The  satellite  constellation  is  comprised  of  nine  satellites  in  each  of  three  orbital  planes 
at  about  7500  NMs  in  the  medium  altitude  region  corresponding  to  an  orbit  period  of  about  eight  hours. 

The  orbits  would  be  circular,  highly  inclined  (possibly  polar),  and  the  three  planes  would  be  equally 
spaced  (in  their  ascending  nodes).  Ranging  signals  from  the  satellites  would  be  transmitted  on  two 
coherently  related  carrier  frequencies  of  approximately  330  MHz  and  1.6  GHz.  These  signals  would 
incorporate  sufficient  data  to  generate  identity  codes,  synchronize  pulse  patterns,  and  provide  navigation 
information  as  required.  This  arrangement  provides  multi-satellite  (four  or  more)  visibility  with  a near 
minimum  number  of  satellites  which  may  be  deployed  so  as  to  involve  tracking  of  the  satellites  from 
stations  on  U.S.  territory. 

The  TIMATION  system  concept  should  not  be  confused  with  the  TIMATION  I and  II  experimental 
satellites  described  earlier,  or  with  the  TIMATION  III  (redesignated  Navigation  Technology  Satellite  I) 
which  was  launched  on  July  14,  1974.  TIMATION  IH  went  into  a circular  7500  NM,  highly  inclined  orbit. 

Subsequent  TIMATION  satellites  will  form  part  of  tne  NAVSTAR  demonstration  program  and  are  planned 
for  launch  into  12  hour  orbits.  The  TIMATION  111  satellite  employs  ranging  signals  at  approximately 
330  MHz  and  1.6  GHz  and  incorporates  a PRN  transmitter  for  use  with  NAVSTAR  experiments.  These 
experiments  are  pfenned  to  investigate  the  influence  of  the  error  sources  cited  earlier  on  advanced  naviga- 
tion satellite  system  performance. 

(f)  System  621B 

System  621B  designates  a satellite  system  which  was  proposed  and  developed  by  the  U.S.  Air  Force 
to  provide  a continuous,  highly  accurate,  3D  navigation  capability  to  any  number  of  users  on  a global 
basis.  The  system  position  accuracy  was  expected  to  be  witbin  tens  of  feet  and  velocity  accuracy  to  a 
fraction  of  a foot  per  second  under  most  conditions.  The  system  consists  of  three  major  elements; 

A complex  of  high-altitude  satellites  transmitting  navigation  signals,  ground  stations  to  track  and  com- 
mand the  satellites,  and  user  receiving  equipment.  Global  coverage  may  be  obtained  by  four  constella- 
tions of  satellites  in  geo-synchronous  orbits.  A typical  constellation  consisted  of  a center  satellite  in 
circular,  near  equatorial,  synchronous  orbit  and  four  outer  satellites  in  synchronous,  inclined,  eccentric 
orbits.  This  is  the  "rotating-x"  constellation  configuration  which  provides  reasonably  good  system 
geometry  and  stability.  Regional  coverage  is  obtained  by  placing  one  constellation  over  the  region  de- 
sired. 

The  satellite  transmissions  were  planned  to  provide  a coded  anti-jam  navigation  signal  which 
includes  satellite  ephemeris  and  timing  data,  a clear  navigation  signal  to  aid  initial  acquisition  and  fo*" 
use  by  less  sophisticated  usei  s,  and  'housekeeping"  telemetry.  The  satellite  periodically  receives 
command  and  control  signals  which  update  the  satellite  ephemeris  data,  adjust  the  frequency  of  the  on- 
board oscillator,  or  "clock,"  and  modify  the  signal  coding  or  other  signal  characteristics  consistent 
with  security  requirements.  Each  satellite  constellation  is  typically  serviced  by  one  master  ground 
station  and  two  signal  monitor  stations.  Tbe  use  of  two-way  ranging  equipment  located  at  the  master 

ground  station  allows  the  position  and  velocity  of  each  satellite  to  be  determined  by  a satellite  tracking  ? 

process.  This  position  and  velocity  information  is  processed  by  the  master  station  computer  to  obtain 
the  satellite  ephemerides  which  are  then  transmitted  to  and  stored  in  each  satellite.  The  master  ground 
stations  also  monitor  and  periodically  adjust  the  synchronization  of  the  oscillators  onboard  each  satellite 
thereby  updating  and  improving  the  timing  quality  of  the  system. 

Signal  propagation  tests  were  conducted  in  1969  b>  the  Air  Force's  Space  and  Missile  System  Organi- 
zation (SAMSO)  using  the  L-Band  transmissions  of  NASA's  Advanced  Technology  Satellite  No.  5 (ATS-5).  * 

Flight  testing  of  transmitters  and  receivers  commenced  in  January  1972  at  White  Sands  Missile 
Instrument  Range,  Holloman  Air  Force  Base.  A four  channel  airborne  receiver  was  tested  using  a 
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ground-based  constellation  of  transmitters  with  a spread  spectrum  PRN  signal  structure  providing  the 
ranging  and  timing  data. 

Launches  of  the  Navy's  TRIAD  satellite,  at  400  NM  altitude  and  TIMATION  111  at  7500  NM  provide 
for  further  testing  of  station  keeping  features,  ephemeris,  signal  structure,  ranging  accuracy,  time 
transfer,  inc  gei  detic  tneasurements.  A joint  Army/Navy/ Air  Force  effort  will  be  conducted  with  the 
introduc'ijn  of  .m  Army  PRN  modulator  experiment  on  the  TIMATION  III  satellite.  Additional  testing 
using  airbor.ae  single  channel  receivers  integrated  with  inertial  navigator  units  has  been  investigated 
using  the  grouid-based  transmitter  array  from  the  White  Sands  tests.  This  system  may  be  supplemen- 
ted by  the  signal  from  the  PRN  signal  modulator  onboard  the  TIMATION  III  satellite. 

User  equipment  designs  have  been  configured  to  satisfy  the  varying  needs  of  several  categories 
of  users,  including  high-performance  aircraft,  helicopters,  naval  vessels,  artillery,  and  backpacks 
for  infantrymen.  The  user  equipment  is  passive  in  that  it  requires  no  transmission  by  the  user  to 
either  the  satellites  or  ground  stations,  allowing  simultaneous  position  fix  capabilities  to  an  unlimited 
number  of  system  users.  The  coded  navigation  signals  from  the  satellites  provide  the  users  with 
range,  range  rate  (velocity),  and  ephemeris  data.  A typical  user  receiver  provides  one  or  more 
channels  to  receive  the  satellite  signals,  a correh.tion  processing  system  which  correlates  the  received 
PRN  code  with  an  internally  generated  sequence  to  obtain  the  range  measurements,  and  a computer  to 
perform  the  position  computations  and  related  tasks. 

(g)  Maritime  Satellite  Navigation/ Communication  Concept  (MARSAT) 

Ihe  Maritime  Administration  of  the  U.  S.  Department  of  Commerce  has  been  investigating  for 
some  time  the  feasibility  and  benefits  to  the  U.  S.  maritime  community  of  utilizing  satellite  techniques. 

The  objective  of  this  program  is  to  improve  ship  productivity,  safety  and  control  through  the  use  of 
satellite-based  navigation  and  communication  systems.  The  current  efforts  are  addressing  the  technical 
feasibility  of  the  approach  by  utilizing  and  adapting  existing  state-of-the-art  hardware  and  systems  to 
the  shipboard,  shoreside  and  space  applications.  A satellite  constellation  and  system  could  provide 
excellent  communications  and  surveillance  coverage,  allowing  the  maritime  community  to  link  up  with 
a .Marine  Data  Coordination  Center  (MDCC)  and  other  distributed  support  and  control  facilities. 

Significant  economic  benefits  may  be  feasible  based  upon  the  increased  productivity  provided 
through  improved  course  tracking,  weather  routing,  and  logistic  support.  Improved  navigation  and 
communication  may  also  provide  means  for  reducing  damage  and  pollution  at  sea.  Technical  develop- 
ments are  proceeding  and  sea  demonstrations  of  selected  satellite-aided  capabilities  have  been  accom- 
plished. The  implementation  of  national  or  of  international  navigation  and  communication  systems 
involves  a variety  of  other  agencies,  activities  and  national  interests.  Inter-agency  liaison,  coordination, 
and  cooperation  is  essential  for  the  successful  development  of  the  system  capabilities  and  the  introduction 
of  these  services  to  the  maritime  community  on  a viable  basis, 

(h)  Position  Location  And  Aircraft  Comrriunication  Experiment  (PLACE) 

PLACE  is  NASA  funded  experiment  to  obtain  engineering  data  ard  practical  experience  for  deter- 
mining the  operational  feasibility  of  an  air  traffic  control  (ATC)  satellite  system  operating  in  the  aeronauti- 
cal L- Band  (1535-1660  MHz).  The  principal  experimental  system  elements  of  the  PLACE  system  consist 
of  the  large  aperture  parabolic  antenna  and  communication  transponder  of  the  NASA  Advanced  Technology 
Satellite  6 (ATS-6),  appropriate  aircraft  transmitters  and  receivers,  and  a primary  control  center. 

The  PLACE  experiment  has  two  main  objectives.  The  first  is  to  demonstrate  the  feasibility  of 
two-way  communication  between  ground  terminals  and  aircraft.  Included  in  ‘he  plans  for  accomplishing 
this  objective  are; 

• The  use  of  the  ATS-6  synchronous  satellite  for  relaying  all  communications. 

• The  use  of  the  aeronautical  L-Band  frequencies  for  the  satellite-to-airc  raft  links. 

• The  application  of  multiple  access  techniques  through  a satellite  for  aircraft-to-ground 
communication. 

The  second  objective  of  the  PLACE  program  is  to  investigate  the  feasibility  and  evaluate  the 
absolute  and  relative  accuracies  of  several  position  location  techniques  using  a single  satellite.  These 
techniques  relay  various  sig.ials  from  the  aircraft  through  the  satellite  to  the  control  center  for  data 
processing  and  position  determination. 

These  objectives  are  to  be  achieved  through  the  use  of  three  types  of  experiments:  ground-based 
engineering,  ground-based  simulation,  and  in-flight  performance.  Included  in  the  ground-based 
engineering  experiments  are  the  determination  of  needs,  link  performance  measurements,  multiple- 
access  performance  tests,  evaluation  of  power  and  frequency  control  techniques,  determination  of 
system  communications  capacity,  and  evaluation  of  the  quality  and  ranging  precision  obtainable  for 
the  various  techniques  considered.  The  ground-based  simulation  experiments  involve  the  use  of  noise 
loading,  signal  simulation  and  other  tests  for  the  determination  of  system  performance  parameters. 


Additionally,  the  position  location  and  tracking  accuracy  performance  characteristics  for  both  fixed  and 
mobile  simulated  aircra't  terminals  will  be  determined.  In-flight  performance  experiments  are  planned 
in  close  cooperation  with  the  FAA  and  possibly  other  coexperimenters.  These  will  include  aircraft 
flights  to  determine  the  effects  of  multipath,  the  ionosphere,  the  noise  environment,  and  the  geographic 
location  of  the  receiver  on  both  the  L-Band  communications  and  position  location  links. 

The  combined  NASA  and  FAA  research  effort  is  planned  to  address  a variety  of  important 
operationally-oriented  experiments  including  communication  link  utilization,  multiple  aircraft  tracking, 
determination  of  capacity  limitations,  possible  extensions  of  current  concepts  or  system  uses,  and 
tests  with  both  ground  and  cockpit  terminals. 

( i ) Aeronautical  Satellite  System  (AEROSAT) 

AEROSAT  is  a joint  intornati(  aal  program  of  the  aeronautical  authorities  in  the  United  States, 
Canada,  and  Europe  for  the  experimentation,  evaluation,  and  demonstration  of  the  use  of  satellites  to 
provide  improved  communication  and  surveillance  capability  for  oceanic  air  traffic  control.  As  currently 
planned,  the  program  would  involve  the  efforts  of  at  least  11  different  countries,  involve  a total  cost  of 
somewhere  in  excess  of  $150M,  and  cover  a span  cf  almost  ten  years.  The  program  has  been  in  various 
stages  of  discussion  and  planning  since  the  late  1960's  and  involves  a number  of  technical,  operational, 
economic,  and  institutional  considerations. 

Background 

Oceanic  traffic  control  responsibility  is  delegated  to  various  countries  under  standards  and 
procedures  agreed  to  by  the  International  Civil  Aviation  Organization  (ICAO).  At  present,  air  traffic 
control  and  air  carrier  communications  for  oceanic  flights  are  almost  entirely  dependent  on  high- 
frequency  (HF)  voice  radio  circuits.  Shore-based  extended-range  VHF  facilities  provide  communica- 
tions for  oceanic  flights  up  to  200-400  miles  from  the  coasts:  beyond  that  range,  communications 
between  aircraft  and  the  traffic  control  facilities  is  by  HF  and  is  generally  relayed  through  communica- 
tion  stations  operated  by  the  countries  with  the  assigned  traffic  control  responsibilities.  HF  has  well- 
known  propagation  deficiencies,  the  adverse  effects  of  which  are  only  somewhat  improved  by  the  recent 
change  to  single  sideband  operation.  HF  frequency  assignments  are  made  in  terms  of  "families,  " each 
of  which  consists  of  several  frequencies;  only  one  frequency  per  family  is  used  at  a time,  with  the 
selection  based  on  propagation  conditions.  A single  HF  family  has  the  capacity  to  handle  the  air  traffic 
control  communications  fer  about  50  aircraft.  But  the  number  of  HF  families  is  limited,  and  the  grow- 
ing amounts  of  oceanic  traffic,  with  its  tendency  to  peak  at  certain  hours  for  eastbound  and  westbound 
flows,  points  to  future  communication  saturation  and  corresponding  traffic  delays.  Currently  there  are 
four  HF  families  available  in  the  North  Atlantic  with  plans  for  a fifth;  two  HF  families  are  available  for 
the  Central  Eastern  Pacific.  No  further  frequencies  are  now  available  for  use.  It  is  noted  that  the 
point  at  which  saturation  becomes  a serious  problem  was  previously  predicted  to  be  in  the  mid-1970's. 
However,  the  recent  slow-down  in  traffic  growth  and  the  greater  use  of  larger  capacity  aircraft  has 
delayed  the  critical  period  to  the  early-to-mid  1980's. 

For  oceanic  flights,  ground-based  radar  or  beacon  surveillance,  as  employed  over  the  continental 
U.S.,  is  non-existent  since  the  radar/beacon  systems  have  the  same  line-of-sight  limitations  as  VHF. 
Rather,  aircraft  positions  are  first  derived  in  the  aircraft  by  on-board  navigation  equipment  and  are 
then  reported  every  10°  of  longitude  or  every  40-60  minut  *>  of  flight  to  ground  communication  stations 
for  relay  to  the  ATC  facilities.  In  view  of  these  rather  rudimentary  provisions,  oceanic  flights  must 
be  provided  with  rather  large  lateral  and  longitudinal  separa  ions.  To  achieve  a substantial  reduction 
of  separation  standards,  without  which  the  airlines  would  be  faced  with  the  possibility  of  excessive 
delays  and  unfavorable  track  assignments,  requires  some  form  of  surveillance  to  guard  against 
navigational  inaccuracies  or  blunders.  Again,  the  need  for  and  timing  of  such  surveillance  is  strongly 
dependent  on  the  rate  of  future  traffic  growth. 

A third  aspect  of  the  current  situation  relates  to  the  growing  practice  of  the  countries  concerned  to 
recover  the  costs  of  providing  these  oceanic  communication,  meteorological,  and  air  traffic  services 
by  means  of  enroute  user  charges  imposed  on  aircraft  operators  and  their  passengers.  On  a world-wide 
basis,  for  example.  Pan  American  in  1974  paid  over  $10M  per  year  in  enroute  user  charges,  with 
future  charges  projected  to  reach  over  $50M  per  year  by  the  end  of  the  decade.  Modernization  and 
consolidation  of  oceanic  communication  and  ATC  facilities  offers  one  of  the  few  hopes  for  checking  this 
cost  escalation. 

These  problems  ha<'e  been  studied  over  the  past  10-15  years  by  the  aeronautical  authorities  of  the 
countries  affected,  both  separately  and  in  conjunction  with  ICAO  panels.  There  is  general  agreement 
today  that  a system  of  satellites  in  geostationary  orbit  offers  the  optimum  solution  to  the  problems,  will 
provide  the  ;oice  and  data  communications  and  surveillance  capabilities  desired  for  system  operation 
and  modern .zation,  and  that  an  operational  satellite  system  will  be  needed  in  the  mid-1980's  when  the 
available  HF  families  in  the  Atlantic  and  Pacific  become  saturated.  Studies  have  indicated  that  such  a 
satellite  system  will  remove  the  technical  objections  to  possible  consolidation  of  oceanic  communication 
and  traffic  control  facilities.  As  noted,  such  consolidation  could  significantly  reduce  the  future  costs 
of  providing  communication  and  air  traffic  services. 
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AEROSAT  is  the  planned  forerunner  of  such  an  operational  system.  It  is  proposed  for  experimental, 
evaluation,  and  demonstration  purposes  only,  and  is  intended  to  )>ather  the  information  required  to  pro- 
ceed with  the  technical  design  of  a future  operational  system  meeting  ICAO-sponsored  standards,  To 
achieve  an  operational  system  by  the  mid- 1 980  s,  scientific  data  collected  from  the  NASA-sponsored 
ATS  satellite  series  must  be  supplemented  with  the  broader  systems  experimentation,  evaluation,  and 
demonstration  program  of  AEROSAT.  With  a decision  now  to  proceed  with  this  program,  initial  satellite 
launch  would  be  in  1979,  followed  by  several  years  of  experimentation,  demonstration,  and  data  collec- 
tion. This  data  would  be  used  as  the  basis  for  establishing  ICAO  standards,  normally  a lengthy  process 
since  it  involves  international  consideration,  coordination,  and  approval.  In  parallel,  and  also  on  an 
intern-.tional  basis,  the  institutional  arrangements  and  provisions  for  an  operational  system  must  be 
developed  and  approved.  Lastly,  production  and  implementation  of  the  necessary  avionics  and  other 
elements  of  an  operational  system  would  be  initiated.  These  steps  each  take  considerable  time,  and 
affect  the  scheduling  of  the  AEROSAT  operational  system  and  whether  or  not  this  capability  can  be 
achieved  by  the  mid-1980's. 

Frequency  Select  ion 

A technical  design  problem  should  be  highlighted,  relating  to  the  choice  of  the  frequencies  for  the 
satellite-to-aircraft  link.  VHF  would  seem  to  be  the  first  choice,  but  VHF  frequencies  are  in  great 
demand,  and  future  use  over  the  U.  S.  will  require  operating  at  25  kHz  spacing  as  opposed  to  the  present 
50  kHz  separation.  For  surveillance  purposes,  propagation  aspects  of  VHF  offer  some  difficulties  in 
obtaining  ranging  accuracies  of  less  than  a few  miles.  For  these  reasons,  international  aeronautical 
authorities  selected  L-band  (at  about  1600  MHz)  for  the  satellite-to-aircraft  link,  ICAO  adopted  I. -band 
and  the  U.  S.  stated  it  as  a policy  position  in  early  1971.  Nevertheless,  the  airlines  have  reservations 
relating  to  this  decision.  They  are  concerned  with  the  current  lack  of  L-band  avionics  and  the  uncertain 
cost  picture.  Coupled  with  their  experience  and  equipments  operating  at  VHF.  and  being  unconvinced  of 
the  need  for  independent  surveillance,  they  would  prefer  that  VHF  be  used. 

Program  Plans 

Plans  for  an  aeronautical  satellite  program  have  evolved  from  international  discussions  initiated 
in  the  mid-1960's.  The  present  AEROSAT  program  is  the  direct  result  of  the  discussions  begun  in 
June  1971,  when  the  European  Space  Research  Organization  (ESRO),  acting  for  ten  countries  in  Europe, 
made  a proposal  to  the  U.  S.  Department  of  Transportation  (DOT)  and  the  Federal  Aviation  Adminis- 
tration (FAA)  for  a joint  program  with  partnership  arrangements  and  cost-sharing  provisions.  In  the 
discussions  of  the  subsequent  three  years,  the  program  evolved  to  the  following  general  features: 

• The  program  is  directed  to  the  Atlantic  Ocean  and  involves  the  initial  construction  and  develop- 
ment of  two  satellites.  Additional  flight  units  will  be  built,  as  necessary,  to  achieve  two  satellites  in 
orbit. 


• The  ownership  of  the  space  segment,  consisting  of  satellites  and  an  associated  ground  tracking 
and  control  facility,  will  be  shared  equally  by  ESRO  and  a U.  S.  private  sector  co-owner,  with  Canada 
owning  about  six  percent. 

• The  FAA  would  only  be  a user  of  the  space  segment  and  would  achieve  access  to  the  satellite 
capability  on  a contractual  basis  from  the  U.  S.  co-owner  for  a five-year  period. 

• The  principal  document  for  implementing  the  program  is  a Memorandum  of  Understanding,  or 
MOU,  signed  by  the  users;  ESRO,  Canada,  and  the  United  States. 

• Under  the  provisions  of  the  MOU,  an  AEROSAT  Council  representing  aeronautical  authorities 
would  meet  once  or  twice  a year  to  review  progress  and  to  approve  or  make  major  decisions.  The 
guiding  principle  of  the  Council,  as  well  as  of  the  entire  joint  program,  is  one  of  partnership,  with 
approval  of  both  FAA  and  ESRO  being  required  on  any  substantive  matter. 

• The  Council  would  establish  a jointly-manned  AEROSAT  Coordination  Office  to  handle  the  day-to- 
day  aspects  of  the  program  for  the  users.  This  office  would  be  concerned  with  the  detailed  planning  and 
execution  of  a coordinated  test  and  demonstration  program  and  would  provide  liaison  with  the  repre- 
sentatives of  the  owners  on  the  use  of  the  space  segment. 

•The  space  segment  wilt  be  utilized  in  a test  program  to  be  coordinated  among  the  users  under 
terms  established  in  the  MOU.  Generally,  the  users  will  each  provide  their  own  aircraft,  avionics,  and 
associated  ground  equipment.  The  test  program  will  also  permit  each  participant  to  use  the  space  seg- 
ment capability  to  conduct  any  special  tests,  evaluations  and  demonstrations  that  he  deems  necessary. 

During  1971  and  1972  and  based  on  ICAO  recommendations  and  U.  S.  Government  planning,  the 
design  for  AEROSAT  assumed  that  the  channels  linking  the  satellite  and  the  aircraft  would  be  at  L-band, 
In  early  1973,  DOT/ FAA  approached  Congress  for  approval  to  proceed,  only  to  find  that  Congress  was 
concerned  with  the  strung  opposition  raised  by  the  U.  S.  airlines  and  therefore,  stipulated  that  the  U.  S. 
could  sign  the  MOU  only  with  approval  and  support  of  the  airlines.  The  airline  concerns  were  several- 
fold: (a)  obtain  assurances  that  participating  countries  would  not  attempt  to  recover  costs  of  the 
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experimental  program  through  user  charges  imposed  on  aircraft  operators,  (b)  limit  the  size  of  the 
program  and  ensure  all  possible  cost  economy  considerations  and  (c)  add  a limited  VHF  capability  for 
test  and  evaluation. 

In  view  of  U.S.  incurred  delays  in  reaching  agreement  on  the  program  in  1971  and  1972,  and  under 
strong  pressure  from  Europe  to  avoid  further  delays,  the  FAA  defined  a package  of  changes  acceptable 
to  the  U.S.  airlines  and  Congressional  approval  was  obtained  to  discuss  these  changes  with  ESRO  and 
Canada,  which  was  done.  The  idea  of  a hybrid  capability,  which  ran  counter  to  ICAO  recommendations, 
was  not  readily  received  by  the  European  aeronautical  authorities.  By  early  1974,  all  parties  agreed 
on  a revised  Memorandum  of  Understanding  incorporating  the  hybrid  capability  and  certain  other 
modifications.  By  August  2,  1974,  representatives  of  the  United  States,  Canada,  and  ESRO  signed  a 
Memorandum  of  Understanding  (MOU)  on  a Joint  Program  of  Experimentation  and  Evaluation  using 
an  Aeronautical  Satellite  Capability  referred  to  as  the  Joint  AEROSAT  Evaluation  Program.  The  MOU 
now  calls  for  the  construction  and  launch  of  two  satellites,  each  with  five  L-band  and  two  VHF  channels. 
One  full  earth  terminal,  or  ASET,  will  be  located  in  Europe;  while  one  full  earth  terminal,  consisting 
of  two  similar  sections  each  owned  by  U.S.  and  Canada,  will  be  used  on  the  western  shores  of  the 
Atlantic . 

Objectives 

The  overall  objectives  of  the  AEROSAT  program  are  to; 

• Provide  a minimum  cost,  minimum  configuration  oceanic  air  traffic  control  system,  using 
satellite  technology  as  an  element  of  the  system,  which  will  support  the  experimentation  and  evaluation 
necessary  to  determine  the  merit  of  proceeding  into  an  operational  system  and  to  define  the  technical 
and  operational  characteristics  of  such  a system. 

• To  use  that  minimum  AEROSAT  sy«tem  configuration  in  evaluating  competitive  technical  tech- 
niques and  operational  concepts. 

• To  develop  the  technical  and  operational  characteristics  of  an  optimum  international  operational 
system. 

Specific  program  objectives  in  support  of  the  three  broad  objectives  are  as  follows; 

•To  bridge  the  gap  in  time  and  knowledge  between  the  current  experimental  efforts,  and  an 
operational  satellite  capability  anticipated  after  1980.  The  initial  capability  must  be  an  extension  of  the 
current  experimental  efforts  and  provide  verification  of  system  design;  subsequently,  it  must  demon- 
strate that  it  will  be  possible  to  attain  the  quality  of  service  expected  in  an  operational  phase  for  air 
traffic  control  (ATC)  and  air  carrier  purposes. 

• To  provide  experience  in  technical,  operational,  and  managerial  areas  required  in  advance  of 
establishing  a fully  operational  capability, 

•To  evaluate  the  technical  and  operational  performance  of  voice  and  data  communications  between 
ground  and  aircraft  over  various  areas, 

• To  permit  experimental  evaluation  of  dependent  and  independent  surveillance  capabilities,  and  of 
navigational  data  derived  by  an  aircraft  utilizing  ground  and  satellite  transmissions, 

•To  contribute  data  to  enable  ICAO  to  develop  its  Standards  and  Recommended  Practices  (SARPS) 
for  an  operational  capability, 

• To  continue  the  evaluation  of  the  propagation  characteristics  of  the  chosen  frequency  bands  if 
prior  tests  using  the  NASA  ATS-5  and  ATS-6  indicate  the  need  for  supplemental  data. 

•To  evaluate  alternative  modulation  techniques  and  technical  and  operational  performance  of 
voice  and  data  communications. 

• To  assess  the  performance  and  characteristics  of  aircraft  installations, 

• To  provide  the  U.S,  oceanic  airline  companies  with  a limited  number  of  avionics  to  provide  them 
with  first-hand  knowledge  of  performance;  to  gather  operational  type  experimental  data;  and  to  provide 
for  sufficient  aircraft  operations  to  enhance  evaluation  of  operational  concepts  and  procedures. 

• To  explore  the  feasibility  of  reducing  the  number  of  oceanic  air  traffic  control  centers  and  thus 
reduce  operating  costs  to  the  airline  users  and  reduce  the  number  of  government  owned  and  operated 
facilities. 

System  Description 
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The  AEROSAT  experimental  and  evaluation  system  will  provide  the  communication  functions 
necessary  to  evaluate  performance  of  voice  and  data  communications  between  ground  and  aircraft,  to 


experiment  with  aircraft  surveiilance  capabiiities,  and  to  develop  operational  standards  and  practices 
A summary  of  the  system  configuration  as  currentiy  envisioned  is  shown  in  Figures  4 and  5. 
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Figure  4 - AEROSAT  System  Summary 
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Figure  5 - AEROSAT  System  Configuration 
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The  AEROSAT  system  hardware  includes  two  satellites  and  a Satellite  Control  Facility  (SCF),  one 
AeroSat  Earth  Terminal  (ASET)  located  in  North  America,  one  in  Europe,  a few  electronic  test  seta 
(ETS),  L-band  and  VHF  avionics,  cooperating  aircraft,  and  interfaces  to  user  terminals  (e.  g.  , Auto- 
mated Oceanic  Control  Centers  and  airline  companies).  The  North  American  ASET  will  be  shared  by 
the  U.S.  and  Canada. 


The  satellite  facilities  are  shared  by  alt  participants,  and  the  ground  facilities  and  airborne 
systems  are  provided  by  individual  participants. 


Space  Segment 

The  space  communication  facility  is  provided  by  two  geostationary  satellites  that  serve  as  radio 
relays  between  the  ground  and  airborne  users  of  the  AEROSAT  system.  Communication  evaluations 
can  begin  after  one  satellite  is 
on  station.  A second  satellite 
is  required  as  part  of  the  initial 
system  to  enable  evaluation  of 
surveillance  techniques 
employing  range  measure- 
ments via  two  satellites  as 
shown  in  Figure  6.  The 
two  satellites  will  be 
deployed  to  provide  Atlantic 
Ocean  coverage  and  will  be 
stationed  between  15  and  40 
degrees  west  longitude.  The 
physical  arrangement  of  the 
satellites  will  be  determined 
by  the  satellite  contractor, 
based  on  satisfying  the  need 
for  the  specified  number  of 
channels  and  optimizing 
reliability  within  the  payload 

weight  limitations  of  the  designated  NASA  launch  vehicle. 


RANGING  SIGMAl  AND  AIRCRAFT  ADCRFSSINC  SIGNAL 
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Figure  6 - Independent  Surveillance  Concept 


Each  satellite  will  be  of  lilce  design. 


The  following  specifications 
for  a satellite  as  represented  in 
Figure  7 are  tentative  and  are 
used  for  illustrative  purposes 
only.  The  general  satellite 
characteristics  are  listed  in 
Table  IV  . The  tentative 
characteristics  permit 
considerable  latitude  in  the 
design  of  an  acceptable 
solution. 

The  specific  parts  of  the  spectrum 
to  be  used  by  the  AEROSAT  system  are 
planned  to  be  as  follows: 

• Ground-to-Satellite : 

5,  000  MHz  to  5,  125  MHz  (C-band) 

• Satellite -to-Ground: 

5,  125  MHz  to  5,  250  MHz  (C-band) 
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• Satelliie-to-Aircraft  {Communication/Surveillance):  Figure  7 - Spacecraft  Configura- 

1543.  5 MHz  to  1558.  5 MHz  (L-band)  lion 

125.425  to  125.975  MHz  (VHF) 


• Aire raft-to-Satellite  (Communication/Survcillance): 
1645  MHz  to  1660  MHz  (L-band) 

131.425  MHz  to  131.975  MHz  (VHF) 


Satellite - to- Aire  raft  (Experimental): 
1543.  5 MHz  to  1558.  5 MHz  (L-band),  or 
1542.  5 MHz  to  1578.5  MHz,  if  required. 
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TABLE  IV  - SATELLITE  GENERAL  CHARACTERISTICS 
SATELLITE  WEIGHT 


SIZE 

ELECTRICAL  POWER 

DESIGN  LIFE 
CONFIGURATION 

STATION  CHANGING 
CAPABILITY 

ORBIT 

LAUNCH  VEHICLE 
LAUNCH  CAPABILITY 


ON-ORBIT  1035  POUNDS 

LAUNCH  2000  POUNDS 

DIAMETER  7 FEET  MAXIMUM 

HEIGHT  18  FEET  WITH  ANTENNA  DEPLOYED 


ARRAY  POWER  @ LAUNCH 
MINIMUM  AFTER  5 YEARS 
ECLIPSE 

5 YEARS 


1070  WATTS 
800  WATTS 
200  WATTS 


3 AXIS  STABILIZED  SATELLITE  USING  MOMENTUM 
WHEELS  AND  HOT  GAS;  DEPLOYABLE  SOLAR 
ARRAY:  APOGEE  MOTOR  FOR  INJECTION 

40  DEGREES/WEEK 


SYNCHRONOUS/EQUAIORIAL 

THOR-DELTA  3914  WITH  8- FOOT  DIAMETER  FAIRING 
2000  POUNDS  INTO  SYNCHRONOUS  TRANSFER  ORBIT 


The  satellites  will  be  supported  by  a Satellite  Control  Facility  (SCF)  that  will  perform  orbit  deter- 
mination functions  and  tend  to  stationkeeping,  housekeeping,  and  necessary  operational  controls  via  a 
radio  link  between  the  control  facility  earth  terminal  and  the  satellite.  The  facility  will  monitor 
satellite  operation  in  geostationary  orbit  and  during  positioning/repositioning  maneuvers,  command  the 
satellites'  orbits  to  the  required  accuracy,  provide  channel  status  information,  provide  antenna  pointing 
information,  and  provide  satellite  position  information.  These  functions  will  be  performed  by  one 
control  facility  for  the  Atlantic  region.  The  facility  will  maintain  C-band  communication  links  to  each 
satellite  for  control  and  monitoring.  The  SCF,  located  in  the  coverage  area,  will  include  two  antennas 
and  C-band  telemetry  systems  for  monitoring  and  control  of  two  satellites  simultaneously.  The  com- 
putational facilities  for  orbit  determination  and  control  will  also  be  contained  in  the  SCF. 

The  function  of  the  space  segment  is  to  perform  the  relay  of  communications  between  ground  and 
aircraft,  and  between  pairs  of  ground  stations.  The  satellites  communicate  via  C-band  links  to  ground 
terminals  and  via  L-band  and  VHF  links  to  aircraft  terminals.  Initially,  one  satellite  will  be  used  to 
provide  limited  coverage  of  the  Atlantic  region.  A second  satellite  will  be  added  to  increase  the  channel 
capacity  to  that  required  for  full  coverage  and  to  enable  independent  surveillance  by  range  measurements 
via  two  satellites.  Three  types  of  channels  are  provided: 

(1)  Communication  channels  for  ground-to-air  (forward  channel),  air-to-ground  (return  channel)  and 
ground-'o-ground  voice  or  data  messages.  These  channels  will  provide  voice  quality  comparable 
to  existing  VHF  (but  over  greater  ranges)  and  data  error  rates  of  better  than  10"^  at  1200  BP’S 
with  normal  power  or  at  2400  BPS  with  twice  normal  power. 

(2)  Surveillance  channels  for  two  satellite  two-way  ranging.  Surveillance  channels  will  provide  the 
capability  to  perform  independent  surveillance  which  consists  of  making  aircraft  position  deter- 
minations in  real  time  by  an  ASCC  utilizing  range  measurements  to  aircraft  and  aircraft  altitude 
communicated  via  satellite.  These  channels  also  have  the  capability  of  serving  as  air-to-ground 
or  ground-to-air  communications  channels, 

(3)  Experimental  channels  for  wide  band  two-way  ranging  and  communication  experiments  using  two 
satellites. 

Upon  ground  command,  the  ground-to-air  channels  can  be  rearranged  so  as  to  provide  one  channel 
at  twice  the  normal  power  and  additional  channels  at  their  normal  power  level  or  greater.  One  forward 
communication  channel  and  at  least  one  return  communications  channel  in  coverage  area  A,  indicated 
in  Figure  8 (see  next  page),  will  remain  operable  when  the  experimental  channel  is  activated  in 
coverage  area  C.  This  capability  will  be  provided  on  one  of  the  satellites  serving  the  Atlantic  region 
as  a minimum.  The  channels  in  coverage  area  B will  have  the  same  capability  as  those  for  area  A. 

In  area  C,  one  ground-to-air  and  one  air-to-ground  experimental  (wide  band)  channel  will  be  provided. 
The  coverage  area  D will  be  subdivided  as  convenient  and  included  in  areas  B or  C or  both. 
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Figure  8 - Principal  System  Elements  and  Coverage  Regions 

An  air-to-ground  communication  channel  will  be  available  in  the  overall  Atlantic  coverage  area. 

It  is  desired  that  one  ground-to-air  communication  channel  and  two  air-to-ground  communication 
channels  be  available  in  this  area. 

Two  simplex  ground-to-ground  channels  will  be  available  for  coordination  during  the  AEROSAT 
program  between  ground  stations  located  anywhere  in  that  part  of  the  earth  surface  from  which  the 
satellite  can  be  seen  with  an  elevation  equal  or  greater  than  five  degrees. 

Ground  .Segment 

Ground  facilities  will  be  provided  by  the  users  of  the  AEROSAT  system  to  enable  communications 
between  ground  stations  and  aircraft  via  the  satellites  as  shown  in  Figure  9.  Bach  organizational 
entity  constituting  a primary  participant  in  the  .AEROSAT  system  will  provide  one  or  two  ground 
facilities  each,  including  an  earth  terminal,  a control  center,  interface  with  user  stations,  and  test 
systems. 

The  Aeronautical  Services  Earth  Terminal  (ASET)  provides  reception  and  transmission  of  com- 
munications on  the  satellite  links,  and  interfaces  with  ground  users  via  a control  center.  The  Aero- 
nautical Satellite  Communications  Center  (ASCC)  provides  control  of  the  communications  service, 
supervising  user  access  and  distributing  communication  messages.  Test  and  monitoring  of  satellite 
communications  is  provided  by  an  Electronic  Test  .Set  (ETS)  that  includes  receiving  and  transmitting 
capabilities  similar  to  an  aircraft  avionics  set. 

Initially,  two  ASET's  will  be  deployed,  one  in  North  America  and  one  in  Europe.  The  one  in 
North  America  will  be  divided  into  two  parts  --  designated  1/2  ASET's:  one  will  be  located  in  Canada 
and  the  other  in  the  U.S.  Each  1/2  ASET  serves  a single  satellite  but  when  interconnected  full  service 
is  provided.  The  1/2  ASET  consists  of  a single  C-band  antenna,  receiver  and  transmitter  sections, 
modems,  ranging  equipment,  channel  controls,  and  interconnection  to  its  associated  ASCC.  L-band 
and  VHF  equipment  will  also  be  included  to  enable  channel  control  and  test. 
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Figure  9 - U.S,  AEROSAT  Ground  System 


An  Aeronautical  Satellite  Communications  Center  (ASCC)  will  be  provided  to  supervise  the  use  of 
communication  services  for  all  ground  users  desiring  access  through  the  ASET  serving  a given  region. 
Each  ASET  will  be  associated  v.ith  one  ASCC  and  both  will  be  located  at  the  same  facility.  The  ASCC 
hardware  includes  terminals  to  interconnect  to  users  and  satellite  facilities,  a computer,  channel 
controls  and  switching,  and  control  and  test  consoles. 

The  ASCC  will  enable  test  and  evaluation  of  a variety  of  communication  techniques  applicable  to 
AEROSAT  communication  service  operating  modes.  The  ASCC  will  provide  the  capability  for  com- 
munications channel  switching,  signaling,  message  processing,  and  test  control  to  enable  evalualion 
of  ihe  AEROSAT  communications  potential.  The  ASCC  serves  as  the  functional  interface  between  ti  e 
associated  ASET  and  ground  user  terminals  and  coordinates  related  ground  control  activities.  A 
major  function  of  the  ASCC  is  to  perform  the  channel  control  needed  to  interconnect  user  stations  over 
voice  bandwidth  communications  channels  for  the  exchange  of  voice  or  data  messages.  The  A.SCC  will 
respond  to  channel  requests  in  order  of  priority,  provide  logic  to  control,  accept  or  send  messages. 

Electronic  Test  Sets  (ETS)  will  provide  system  test  and  calibration  functions.  A few  sets  of 
equipment  will  be  located  on  the  ground  or  in  aircraft  to  communicate  with  the  satellites  on  L-band  or 
VHF  frequencies.  The  ETS  hardware  will  include  L-band  communications  equipment  comparable  to 
the  avionics  equipment,  and  instrumentation  to  measure  system  performance  and  enable  system 
calibration. 

Air  Traffic  Control  Center  (ATCC)  users  of  the  AEROSAT  system  will  provide  control  facilities 
to  interface  with  the  system  via  the  ASCC,  Several  ATCC  user  facilities  may  connect  to  one  ASCC 
for  access  to  the  associated  coverage  area.  The  ATCC  communications  will  include  exchange  of 
messages  between  controllers  and  aircraft  for  flight  control  and  reporting,  signaling  for  system 
access,  aircraft  polling  instructions,  and  surveillance  data.  The  U.S.  ATC  facilities  interfacing 
with  AEROSAT  will  include  an  experimental  Automated  Oceanic  Control  Center  (AOCC)  test  bed.  In 
addition,  interfaces  will  be  provided  to  existing  operational  Oceanic  Control  Centers  (OCCs)  for 
system  evaluation  by  OCC  controllers. 

Other  users  besides  Air  Traffic  Control  Centers  (ATCCs)  will  participate  in  the  use  and  evalua- 
tion of  the  AEROSAT  system  as  associate  users.  These  other  users  will  include  airline  company 
communication  facilities,  meteorological  offices,  special  evaluation  and  experimental  facilities, 
military  facilities,  etc.  These  communications  will  include  message  exchanges  between  ground  and 
aircraft,  automatic  return  of  aircraft  derived  data,  weather  reports,  etc.  The  associate  users 
facilities  will  interface  with  the  ASCC  for  access  to  the  system. 


(ih: 


Mini-ASKTs  will  bt-  provided  to  permit  )>roand  aeccHH  to  the  syHtetn  via  L-band  or  VHF  channels 
from  isolated  airline  or  ATC  locations  which  have  limited  or  difficult  access  to  communications 
channels.  The  Mini-ASET  will  be  similar  to  the  ET.S  and  operate  in  a manner  equivalent  to  a ground- 
based  airborne  installation.  It  will  be  packaged  in  a transportable  confipuration  and  the  basic  VHF 
and  L-band  components  will  be  obtained  from  the  avionics  development  contracts. 


Airborne  Segment 

Each  AEROSAT  user 
will  arranije  for  obtaining 
and  equippini!  test  or 
cooperatini;  aircraft  to 
provide  air  terminals  as 
required  for  evaluations 
and  ex[je riment s . The 
AEKO.SAT  avionics  are 
desij;ned  with  ma.ximum 
flexibility  to  meet  test 
objectives.  Avionics  sys- 
tem and  subsystem 
configurations  will  allow 
technical  and  operational 
performance  evaluation 
of  a number  of  techniques 
for  voice  and  data  com- 
munications between 
pround  and  aircraft, 
experimental  evaluation 
of  surveillance  concepts, 
evaluation  of  various  access 
control  techniques  and  a 
comparison  of  VHF  and 
L-band  frequencies  for 
satellite  communications. 

1 able  V provides  a 
ri'quirements  stimmary. 

The  AEROSAT  Test 
and  F.valuation  Avionics 
is  a VHF  and  L-band 
system  that  will  provide 
the  necessary  airborne 
hardware  and  software 
to  permit  a wide  ranpe 
of  tests  designed  to 
provide  experience  in 
oceanic  air  traffic 
control  (ATC)  com- 
munication usinu 
satellites.  As  shown 
in  the  simplified  block 
diaj;ram  of  Fipure  10, 
the  minicomputer  is  seen 
to  be  the  focal  point  of 
all  diyital  sipnal  and 
control  paths,  permitting 
a hit;h  decree  of  system 
flexibility  through  soft- 
ware design. 


TAULE  V - U.S.  AVIONIC.S  REQUIREMENTS  SUMMARY 


FUNCTIONS 

• Provide  Aircraft  Terminals  for  Test  and  Evaluation 

• Transmit  and  Receive  L-Band  and  VHF  Signals  via  Both  Satellites 

• Communicate  Voice,  Data,  and  Ranging  Signals 

• Provide  Input/Output  for  Voice,  Data,  and  Surveillance  Tests 

• Monitor  Channel  Status 

• Display  and  Record  Test  Data 

• Collect  Data  During  Air  Carrier  Revenue  Flights 

DESIGN  CRITERIA 

• Installed  in  FAA  and  Airline  Aircraft  Participating  in  Tests 

• L-Band  and  VHF  Capabilities 

• Provide  Representative  Configuration  for  Future  Airline  Developments 

• Collect  System  Data  Automatically 


VHf  I GANG 


AVIONICS  HAROWAHf  ORGANIZATION 


AVIONICS  SOI  TWARE  ORGANIZATION 


Figure  10  - U.S.  Avionics  Block  Diagrams 


683 


(j)  Advanced  Air  Traffic  Management  Syatem  Concepts  (AATMS) 


The  system  concepts  of  any  air  traffic  management  system  can  be  viewed,  in  part,  by  considering 
the  major  subsystems  involved  in  performing  surveillance  data  acquisition,  navigation,  control  data 
processing,  and  communications.  There  are,  of  course,  many  combinations  of  alternative  concepts 
that  might  be  applied  in  any  future  system.  In  performing  concept  formulation  work  for  the  AATMS 
study,  the  Boeing  Company's  commercial  airplane  group  and  the  North  American  Rockwell  Corporation's 
Autonctics  Division  conducted  parallel  tradeoff  studies  to  independently  arrive  at  recommended  future 
system  concepts.  There  are  significant  similarities  as  well  as  some  basic  differences,  in  the  proposed 
concepts.  For  this  discussion,  the  Boeing  Company  system  concept  is  identified  as  System  I and  the 
Autonetics  system  concept  as  System  II. 

System  I Concept 


System  I shown  in  Figure  11  uses 
satellites  for  both  surveillance  and  en 
route  communications.  Communica- 
tions in  the  terminal  area,  how'ever, 
is  by  direct  ground-air  links  using  the 
same  airborne  equipment  as  that  used 
for  en  route  operations.  Both  L-Band 
digital  data  and  voice  communications 
are  employed.  Domestic  en  route  and 
oceanic  service  is  relayed  between 
airplane  and  control  centers  by  syn- 
chronous satellites.  On  and  near  the 
airfields,  communication  is  direct 
between  aircraft  and  the  control 
facility.  Voice  capability  is  provided 
for  nonstandard  messages,  backup, 
and  VFR  flight. 

The  Omega  Navigation  System  is 
proposed  for  use  as  the  basic  naviga- 
tion environment  in  both  the  domestic 
airspaces  and  in  oceanic  areas.  The 
differential  mode  would  be  employed 
in  the  continental  United  States 
(CONUS)  to  provide  increased 
accuracy  capabilities  where  needed 
for  higher  traffic  densities.  Pre- 
cision navigation  near  the  airfield  is 
based  on  the  coverage  of  the  micro- 
wave  landing  system  under  develop- 
ment, as  shown  in  Figure  IZ  . 

Position,  identity,  and  altitude  data 
are  obtained  for  surveillance  pur- 
poses in  all  airspace  regions  from 
the  satellite  system.  Each  aircraft 
transmits  its  own  unique  ranging  code 
once  every  second.  The  code  is 
relayed  simultaneously  through  four 
satellites  to  the  appropriate  control 
center.  The  control  center  calculates 
each  aircraft's  position  based  on  the 
differences  in  time-of-arrival  of  the 
signal  at  the  satellites. 
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Figure  11  - AATMS  System  I Concept 
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The  data  acquisition  subsystem 
can  provide  position  data  on  about  60,  000 

instantaneous  users  through  the  com-  Figure  12  - System  I Terminal  Area  Operation 

bination  of  frequency,  code,  and 
random  time-division  multiplexing  of 
the  airc  raft-emitted,  free  running 

beacon  signals.  User  aircraft  equipment  required  for  operation  in  the  system  includes  a 2,000-watt 
peak  power  L-band  pulse  transmitter  (0.  5 watts  of  average  power)  coupled  to  a top-mounted  hemispherical 
coverage  antenna.  The  beacon  modulation  format  consists  of  a two  million  bits  per  second  Pseudo-noise 
range  code,  a code  length  of  511  bits  with  I6  codes,  and  an  integration  time  of  255  microseconds.  The 
pulse  repetition  period  varies  from  1 to  1.  3 seconds  with  a spacing  of  50  microseconds.  Frequency 
access  is  provided  by  use  of  six  channels,  with  a channel  bandwidth  of  four  megahertz  providing  a 
capacity  of  10,  000  users  per  channel. 
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Data  processing!  would  be  accom- 
plished primarily  with  a hiphly  intenra- 
ted  network  of  digital  computers.  The 
ground  communication  network  would 
accommodate  the  effective  transfer  of 
information  from  computer  to  com- 
puter. The  control  data  proce.ssinn 
and  display  functions  for  en  route 
control  for  the  U.  S.  would  be 
centralized  in  two  data  processing 
air  route  traffic  control  centers  as 
shown  in  Fipure  13  . Two  additional 
centers,  one  on  each  coast  of  the  U..S. 
would  handle  oceanic  control  in  co- 
operation with  foreign  facilities. 
Terminal  area  control  would  be  pro- 
vided by  separate  centers  located  in 
each  of  the  approximately  150 
terminal  hub  areas  expected  to 
contain  most  of  'he  larper  airfield 
complexes. 
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Figure  13  - System  1 En  Route  Operation 


Three  satellite  constellations 
would  be  used  to  cover  the  domestic 

U.  S.  and  two  oceanic  area  needs.  The  oceanic  communication  and  data  acquisition  would  be  provided 
by  a six-satellite  constellation  over  each  ocean  area.  The  CONUS  configuration  would  use  the  same 
basic  six-satellite  configuration  augmented  with  a seventh  geostationary  communication  satellite  to 
handle  the  domestic  message  load  for  en  route  traffic  in  the  U.  S. 


Airborne  navigation  and  guidance  services  would  range  from  a basic  radio  area  navigation 
capability  for  general  aviation  to  four-dimensional  navigation  (3D  wdth  precise  time)  and  guidance  using 
combined  radio-inertial  data  on  the  best  equipped  scheduled  air  carrier  aircraft.  The  bulk  of  oceanic 
traffic  would  use  combined  hyperbolic-inertial  navigation  systems. 


System  I could  be  implemented  to  meet  the  demands  for  air  traffic  services  projected  for  the 
1990's.  The  system  is  structured  to  provide  a high  degree  of  independence  among  the  three  primary 
subsystems  which  perform  the  surveillance,  navigation,  and  communication  functions.  Data 
acquisition  is  satellite  based;  navigation  is  land  based,  and  communication  uses  a combination  of 
land-  and  satellite-based  elements. 


System  II  Concept 


System  II  shown  in  Figure  14  uses 
satellites  to  perform  the  surveillance 
function  for  all  user  aircraft.  In  addi- 
tion, satellites  are  used  to  provide 
navigation  and  communication  links  for 
all  en  route  aircraft.  However,  ground 
based  antennas  on  towers  are  proposed 
to  supply  communication  links  and  to 
supplement  the  navigation  data  for 
terminal  area  operations  as  shown  in 
Figure  15. 

A multifunction  signal  waveform 
would  be  used  to  permit  integration  of 
all  surveillance,  navigation,  and  com- 
munications equipment.  In  the  System 
II  concept,  the  waveform  consists  of  a 
pulse  triplet.  Each  aircraft  is  assigned 
an  identification  which  consists  of  a 
Pseudo-noise  (PN)  code,  a trans- 
mission frequency,  and  a particular 
spacing  between  each  pulse.  This 
concept  utilizes  10  PN  codes,  10  frequencies 
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Figure  14  - AATMS  System  IL  Concept 
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and  100  possible  spacings  between  the  second  and  third 
pulses,  which  provides  10^^  possible  identification  combinations.  Each  aircraft  has  a unique  surveil- 
lance identity  and  transmits  its  pulse  triplet  periodically  to  provide  a surveillance  signal. 


Surveillance  and  control  data  processing  for  en  route  aircraft  are  acco*  iplished  at  one  of  two 
national  satellite  control  centers.  Surveillance  and  control  functions  for  terminal  aircraft  are  per- 
formed at  hub  control  centers  located  at  each  major  and  medium  hub  area.  The  smaller  terminal  areas 
are  considered  to  be  part  of  the  en  route  control  structure. 
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The  two  satellite  control  centers 
provide  mutually  supporting  capa- 
bilities to  perform  surveillance  data 
processing  and  provide  conflict  inter- 
vention control  for  en  route  aircraft. 

One  satellite  control  center  would  be 
located  in  and  have  jurisdiction  over 
en  rout*'  operations  in  the  Fastern 
United  .States,  while  the  other  center 
would  be  located  and  provide  service 
in  the  Western  United  .States. 

Services  for  operations  in  the 
adjacent  oceanic  areas  would  also 
be  provided  by  these  en  route 
centers.  A 'National  Flow  Control 
Center  (NFCC)  would  also  be 
collocated  in  one  of  the  satellite 
control  centers.  The  National  Flow 
Control  Center  would  provide  real- 
time supervisory  control  over  the 
operations  of  the  entire  air  traffic 
management  system  and  schedule 
the  traffic  flow  of  aircraft  on  a 
nationwide  basis.  Terminal  area  operat 
individual  terminal  area  hub  control  cent 
microwave  landing  system. 
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Figure  15  - System  II  Terminal  Area  Operation 


ons  in  major  and  medium  hub  areas  would  be  managed  by  the 
ers.  Airfield  landing  guidance  would  be  provided  by  the 


The  satellite  constellation  proposed  in  the  System  II  concept,  as  depicted  earlier,  employs  eight 
satellites  in  a highly  inclined  (i  H0°),  eccentric  (e  0.25)  orbit.  All  the  satellites  are  equipped  with 
navigation  transmitters  and  surveillance  transceivers.  In  addition,  iwo  communication  satellites  in 
geostationary  orbit  over  the  equator  contain  communication  transceivers  to  provide  constant  com- 
munication in  the  United  .States  airspace,  Fach  communication  satellite  is  capable  of  performing  the 
total  communication  relay  function  to  protect  against  single  point  failure.  Also,  a pair  of  redundant 
satellites  for  each  ocean  area  in  geostationary  orbits  provide  oceanic  traffic  with  both  digital  and 
voice  communications. 


The  surveillance  subsystem  obtains  pc  sition  data  by  measuring  the  difference  between  time  of 
arrival  of  signals  from  aircraft,  these  signals  being  relayed  to  ground  control  centers  via  satellite. 
The  times  of  arrival  (TOA)  of  each  of  four  signals  are  compared  at  the  processing  centers  and  three 
differential  TOA  s are  derived.  The  processing  centers  can  then  calcula'c  the  latitude,  longitude,  and 
altitude  of  each  aircraft  using  the  differential  TOA's  and  satellite  position  data. 


The  navigation  technique  proposed  for  the  System  II  concept  uses  satellites  for  one-way  ranging. 
Each  satellite  is  assigned  a time  slot  and,  through  the  use  of  precise  timing,  maintains  its  synchroni.ia- 
tion  relative  to  a master  station.  1 he  user  aircraft,  also  employing  accurate  timing,  computationally 
synchronizes  its  clock  through  an  iterative  timing  process.  A range  measurement  is  thus  obtained 
each  tim.e  a satellite  transmits.  Uy  recurrently  combining  these  measurements,  aircraft  position  is 
determined. 


The  System  II  concept  provides  a high  capacity  integrated  system  approach  to  meeting  the  demands 
for  air  traffic  management  service  in  the  late  1980's  and  beyond.  A well-defined  systems  management 
approach  would  be  required  for  system  implementation  and  operation  phase-in  to  achieve  the  potential 
benefits  offered  in  the  System  II  concept.  The  combination  of  automation,  equipment  redundancy,  and 
an  air-managed  backup  control  concept  can  assure  safety  in  the  event  of  system  failures,  A summary 
of  System  II  capabilities  is  shown  in  Table  V.  An  ..idication  of  certain  of  the  more  significant  similari- 
ties and  differences  between  System  I and  II  is  presented  in  Table  VI. 

The  candidate  system  concepts  presented  are  two  proposed  system  concepts  among  several  possible 
future  system  approaches  being  evaluated  by  the  Department  of  Transportation  and  FAA.  The  concept 
evaluation  work  now  in  progress  involves  further  contractual  efforts  with  industry  and  coordination  with 
user  groups  as  well  as  system  definition  studies  by  both  the  FAA  and  the  Transportation  Systems  Center. 
This  comparative  evaluation  is  being  carried  out  on  both  the  system  and  subsystem  levels,  and  includes 
the  consideration  of  such  factors  as  safety,  capacity,  cost,  technological  risk,  growth  capability,  and 
ease  of  system  transition. 
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TABLE  VI 

AATMS  SYSTEM  U CAPABILITIES 


Function 

Terminal 

En  Route 

Oceanic 

Navigation 

Ground  towers 

Satellite 

Satellite 

Accuracy 

30  ft 

150  ft 

250  ft 

Update  interval 

4 sec 

8 sec 

8 sec 

Coverage 

Entire  area 

! Entire  U.S. 

1 Atlantic,  Pacific 

Surveillance 

Satellite 

Satellite 

I Satellite 

Accuracy 

50  ft 

i Z50  ft 

1 

•150  ft  horiz.  , 
1 250  vert. 

Update  interval 

2 sec 

8 sec 

1 8 sec 

Coverage  1 

Communications 

Entire  area 

Entire  U . S. 

, Atlantic,  Pacific 

Data  rate 

25  K BPS 

25  K BPS 

' 25  K BPS 

Spectrum  | 

L Band,  20  MHz 

L Band,  20MHz 

L Band,  20MHz 

i 

C Baud,  60MHz 

C Band,  60MHz 

i 

C Band,  60MHz 

TABLE  VII 
SYSTEMS  I AND  II 

COMPARISON  OF  GROSS  CHARACTERISTICS 


SIMILARITIES  DIFFERENCES 

• HIGH  LFVFLS  OF  AUTOMATION  • SYSTEM  I - DISSIMI I j\R 

NAVIGATION  AND 

• GROUND- MANAGED  SURVEILLANCE 

• EXTENSIVE  PRE-PLANNING  • SYSTEM  II  - INTEGRATED 

- HIGH  DENSITY  AIRSPACE  AVIONICS 

• SATELLITE  SURVEILI  ANCE 

AND  COMMUNICATION 

• COOPERATIVE  SYSTEM 


(k)  ASTRO- DABS 


f)87 


ASTRO-DABS  is  a system 
concept  developed  by  the  MITRE 
Corporation  in  response  to  DOT 
and  KAA  interest  in  satellite- 
based  advanced  air  traffic  manage- 
k ment  systems.  This  system  con- 

cept is  one  of  several  which  have 
addressee!  the  air  traffic  control 
surveillance,  reporting  ami  navi- 
gation requirements  of  the  CONUS 
in  the  1980-90  and  beyond  time 
period.  The  concept  has  an 
important  distinction  which  sepa- 
rates it  from  other  satellite- 
based  ATC  systems;  it  is  designed 
to  be  compatible  with  the  evolving 
Discrete  Address  Beacon  System 
(DABS)  currently  under  develop- 
ment. 

The  ASTRO- DABS  is  an  ATC 
satellite- relayed  surveillance, 
navigation,  air-to-air  CAS  and 
data  link  system  concept.  It  has 
the  potential  for  realizing  the  ad- 
vantages of  satellite  systems  in 
terms  of  coverage  and  accuracy, 
and  to  be  cost  competitive  with 
alternative  techniques.  It  incor- 
porates features  which  largely 
circumvent  the  satellite  system 
performance  hazards  resulting 
from  hostile  acts  against  the  sys- 
tem. Additionally,  ASTRO -DABS 
has  the  character  of  an  evolu- 
tionary system  in  that  it  can  evolve 
from  the  upgraded  third  generation  ATC  system. 

The  principal  advantages  of  ASTRO-DABS  are  as  follows: 

o Moder.ite  cost  avionics, 
o High  capacity  data  link  . 

o The  surveillance  acquisition  and  start-up  after  failure  modes  are  very  fast  . I 

o The  normal  surveillance  tracking  mode  provides  high  accuracy  and  has  essentially  no  system 
interference. 

o An  accurate  and  moderate  cost  area  navigation  system  is  j;rovided. 

o A three  dimensional,  highly  accurate  air-to-air  CAS  is  provided  whose  cost  impact  is  only 
on  the  CAS-equipped  user. 

o A ground-based  back-up  is  available  in  case  of  up-iink  (L-Band)  jamming. 

o System  capacity  is  high  with  about  4 million  addresses  accommodating  50,  000  users  with  growth 
potential  to  100,  000  users. 

Satellite  System  Characteristics 

The  characteristics  of  the  satellite  segment  of  the  system  are  shown  in  Figure  16.  ASTRO-DABS 
aircraft  operate  on  three  separate  equal  bandwidth  (5.33  MHz)  channels  through  the  satellite  relay.  There 
are  two  aircraft-to-satellite  channels  (f2,  fs)  and  one  satellite-to-aircraft  channel  (f)).  Three  large 
surveillance  and  data  link  (S/D)  satellites  each  interrogate  and  receive  responses  from  one-third  of  CONUS. 

At  any  instant  there  are  at  least  six  surveillance  and  navigation  (S/N)  satellites  which  receive  responses 
from  all  of  CONUS.  Thus,  every  aircraft  in  CONUS  receives  interrogations  from  one  satellite  and  has  its 
reply  received  by  at  least  seven  satellites.  The  two  frequency  channels  for  aircraft-to-satellite  trans- 
missions prevent  aircraft  returns  from  adjacent  sections  of  CONUS  from  garbling.  By  using  a range- 
ordered  polling  technique  only  one  aircraft  in  each  one-third  of  CONUS  answers  at  a time. 

Position  data  for  surveillance  is  obtained  by  differences  in  time  of  arrival  measurements  on  the 
ground,  as  relayed  through  the  seven  satellites.  Freedom  from  garble  on  the  return  link  is  ensured  by 
(1)  the  range  ordered  polling,  (2)  the  two  reply  frequency  channels,  and  (3)  satellite  spatial  selectivity 

(antenna  directivity).  Thus,  a reliable  system  of  high  capacity  can  be  configured.  ^ 
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Figure  16  - ASTRO-DABS  Surveillance  Concept 


The  ASTRO- DABS 
navigation  capability 
(AS'i'RO-NAV)  is  accom- 
plished by  providing 
navigation  signals  inter- 
laced with  surveillance 
data.  This  is  accom- 
plished by  transmitting 
precisely  timed  pulses 
from  the  S/N  satellites, 
with  difference  in  time 
of  arrival  measurements 
being  made  in  the  air- 
craft. Since  this  function 
is  only  from  satellite- 
to-aircraft  and  requires 
no  reply,  there  is  a 
limited  threat  from 
jamming.  The  princi- 
pal jamming  concern  is 
on  the  aircraft -to-satel  — 
lite  link,  where  a moder- 
ate power  transmitter 
and  a high  gain  ground 
antenna  can  easily  domi- 
nate the  ASTRO-DABS  sig- 
nal entering  the  aircraft 
antennas. 
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Figure  17  - Geostationary  Satellite  Deployment  and  Beam  Coverage 


Surveillance  and  Data  Link  Modes  of  Operation 


Each  of  three  S/D  satellites  located  in  a synchronous  equatorial  orbit  has  responsibility  for  1/3  of 
CONUS.  The  transmitting  satellites  use  30  ft.  diameter  antennas,  one  common  frequency  channel  (at 
L-Band)  and  have  beam  agility  (seven  beam  positions).  Thus,  CONUS  is  divided  into  21  areas  of  coverage 
as  shown  in  Figure  17  Satellite  transmissions  are  controlled  by  the  satellite  control  center  by  C-Band 
transmissions  from  the  ground  to  the  satellite. 

There  are  two  basic  surveillance  and  data  link  modes  in  the  ASTRO-DABS  system  concept:  the 
acquisition  mode  and  the  tracking  mode.  In  the  acquisition  mode  an  aircraft  will  be  acquired  by  the 
ASTRO-DABS  system  while  still  on  the  runway.  When  the  equipment  is  activated  on  the  ground,  the 
aircraft  will  receive  one  acquisition  interrogation  within  the  next  two  seconds  and  one  every  two  seconds 
thereafter  u.otil  acquired.  Acquisition  mode  t ransmissions  are  interleaved  with  tracking  mode  trans- 
missions. However,  the  aircraft  W'ill  be  nearly  always  placed  in  the  tracking  mode  within  a six  second 
period  from  the  time  it  starts  receiving  interrogations  from  the  satellite.  Acquisition  occurs  with  detection 
of  the  correct  address  on  only  two  of  the  aircraft -to-SCC  links.  An  indicator  light  informs  the  pilot  that 
his  aircraft  has  been  acquired. 

A normal  acquisition  mode  message  set  is  1/8  second.  Each  message  set  is  divided  into  1/56  second 
intervals.  The  first  message  of  each  interval  once  again  tells  the  aircraft  within  a satellite  beam  that 
this  "ubset  of  the  message  is  an  acquisition  mode  message.  The  second  message  is  84  us  long,  carries 
two  bits  of  aircraft  acquisition  address  information  and  54  bits  of  synchronization  information.  There  are 
no  other  acquisition  transmissions  for  the  remainder  of  the  4.  4 ms  period  The  reason  for  the  separation 
of  4.4  ms  between  acquisition  mode  addresses  is  due  to  uncertainty  in  the  location  of  aircraft  to  be 
acquired.  The  4.4  ms  dwell  time  allows  aircraft  located  anywhere  in  the  beam  with  a given  acquisition 
address  to  respond  before  the  next  set  of  addressed  aircraft  respond.  The  procedure  sequences  through 
acquisition  mode  addresses  in  a similar  manner  and  then  repeats  for  each  of  the  other  seven  beam 
positions . 

Once  acquired,  aircraft  entering  the  tracking  mode  are  interrogated  bv  an  L-Band  transmitting 
satellite,  one  at  a time  in  a sequential  manner.  Thus,  no  more  than  three  different  aircraft  are  interroga- 
ted at  any  instant  of  time  in  the  tracking  mode  throughout  CONUS.  Tracking  mode  interrogations  are 
grouped  into  approximately  1/8  second  message  sets.  Tracking  mode  interrogations  can  be  either  47  us 
or  84  us  long  and  each  message  set  can  contain  a mix  of  short  and  long  messages.  The  complete  message 
set  will  normally  be  transmitted  in  one  beam  position.  The  first  message  of  the  set  is  a general  synchro- 
nizing message  (bit,  word,  mode)  to  all  aircraft  within  a beam.  The  remaining  messages  of  the  set  are 
individually  aircraft-addressed  with  gaps  left  between  messages  equal  to  the  length  of  the  previously 
transmitted  message.  A tracking  mode  message  set  can  contain  in  the  order  of  1000  discretely  addressed 
messages.  Data  and  address  bits  are  1.5  us  long  with  each  bit  expanded  in  bandwidth  by  a four  chip  3/8  us 
per  chip)  Barker  sequence.  This  spreading  code  provides  irrproved  timing  accuracy  and  a degree 
(6  db)  of  multipath  protection. 


Si(;nal  narbliiig  in  ASTRO- DAliS  ih 
iTiminaleci  in  tiu'  tr.ukin^;  nuxli  by  tiu' 
ranj;<--or(iiTi<l  polling  proi- adnic . Tlif 
interrogation  period  (time  bi'tween 
interrogations  to  tlie  same  aircralt) 
e.m  be  bounded  betwei  n i.b  and  “i.S 
seionds.  The  interrogation  pro- 
eedure  basically  structures  a netscork  of 
hexagonal -cylindrical  cells  (k  igure  1 H) 
whose  longest  dimension  do  is  11  miles. 

The  system  interrogates  all  aircraft  within 
a given  i ell  in  a time-ordered,  range-ordered 
sequence  monotonically  increasing  with 
respect  to  the  transmitting  satellite.  An 
appropriate  time  gap  is  inserted  and  the  pro- 
I edure  is  repeated  in  the  nearest  occupied 
cell.  All  cells  in  a given  beam  are  sequem  ed 
through  in  a similar  manner.  .-Ml  beams  are 
setjuenced  through  repeating  the  above  pro- 
cedure until  all  aircraft  in  CONUS  have  been 
interrogated. 
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kigure  18  - Spatial  Interrogation  Geometry  for  Tracking 


Replies  from  a given  .lircr.ift  are 
received  by  the  transmitting  S/D  satellite 
and  by  at  least  six  S/N  satellites.  Although 
the  beam  traces  from  the  seven  beams  of  an 
S/N  satellite  in  an  inclined  orbit  hange 

shape  as  the  satellite's  orbit  position  changes,  it  is  believed  that  East  Coast  aircraft  returns  can  be 
kept  from  garbling  West  Coast  returns  by  beam  separation,  without  resorting  to  a third  up-link  frequency. 
Two  returns  of  adjacent  regions  such  as  from  East  and  Central  CONUS  within  a given  beam  will  not  garble 
since  such  returns  are  on  different  frequem  y channels. 


ASTRO-NAV  Operation 

In  ASTRO-DABS  the  aircraft  surveillance  operation  alternates  between  an  acquisition  mode  (for 
aircraft  newly  entering  the  system)  and  a tracking  mode  (for  aircraft  already  in  the  system).  Acquisition 
mode  transmissions  occur  every  two  seconds  over  a 1/  8 secor.d  interval  that  includes  considerable  time 
gaps  between  transmissions.  ASTRO-NAV  utilizes  this  gap  time  for  navigation  data  transmissions  plus 
an  additional  1/8  second  during  which  navigation  liming  pulses  are  transmitted.  The  interleaved  trans- 
mission sequence  is  shown  in  k'igure  IV. 


In  the  first  1/8  second  the  three  S/D  geostationary  satellites  (SI,  S2,  S3)  transmit  acquisition  and 
navigation  data  sequentially  over  each  of  their  seven  beams  preceded  by  appropriate  preambles.  The 
navigation  data  pulses  (ND)  contain  satellite  ephemerides,  local  time  delays,  altitude  corrections,  and 
localized  navigation  algorithm  coefficients  that  can  significantly  reduce  onboard  computations.  The  next 
1/8  second  is  used  to  transndt  up  to  7 timing  pulse  pairs  (TP)  throughout  CONUS,  The  navigation  preamble 
pulses  (NP)  alert  aircraft  in  respective  beams  to  forthcoming  navigation  data  and  provide  clock  references. 


Since  timing  pulse  transmissions  are  for  all  of  CONUS  and  utilize  the  same  frequency  channel  as  other 
ir-^nsmissions,  suitable  timing  gaps  must  be  introduced  to  preclude  garbling  in  CONUS,  Larger  gaps  are 
allotted  for  separating  the  timing  pulses  from  the  inclined  satellites  to  allow'  for  the  greater  range  in 
propagation  times. 
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Figure  19  - ASTRO-NAV  Timing  and  Data  Transmission  Sequence 
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The  two  timing  poises  transmitted  in  time  sequence  are  sent  over  separate  frequency  channels.  The 
first  is  transmitted  over  the  normal  satellite-to-aircraft  channel  and  is  used  by  both  aircraft  and  calibra- 
tion stations.  The  second  timing  pulse  is  transmitted  by  one  of  the  aircraft-to-satellite  surveillance 
channels  and  is  used  by  the  calibration  stations.  This  second  transmission  will  not  interfere  with  aircraft- 
to-satelUte  transmissions,  since  di.ring  the  navigation  mode  of  ASTRO-OABS,  these 
are  not  scheduled.  The  dual  frequency  transmission  is  used  by  the  calibration  stations  to  correct  for 
ionospheric  propagation  delay.  Note  that  this  information  is  used  for  surveillance  as  well  as  navigation. 

The  ASTRO-NAV  receiver  determines  the  relative  time  of  arrival  of  six  of  the  timing  pulses  with 
respect  to  the  seventh  received  timing  pulse.  This  information  together  with  data  received  on  the  data 
link  as  to  the  relative  time  of  transmission  of  the  several  timing  pulses  together  with  ephemeris  and 
propagation  data  allows  the  ASTRO-NAV  computer  to  compute  the  3D  information  of  the  aircraft  with 
accuracy  and  at  moderate  cost. 

To  minimize  multipath  effects  in  ASTRO-NAV,  aircraft  use  only  those  transmissions  from  satellites 
whose  local  elevation  angles  are  greater  than  19°.  Also,  Inclined  satellites  positioned  south  of  the  equator 
do  not  transmit  timing  pulses.  The  aircraft  computer  is  informed  as  to  which  transmissions  to  use  as  a 
part  of  the  navigation  data  sent  by  the  appropriate  geostationary  satellite. 

ASTRO-DABS  Surveillance  Backup 

The  requirement  for  a surveillance  backup  exists  because  of  the  threat  of  intentional  and  unintentional 
jamming.  This  threat  exists  particularly  with  aircraft-to-satellite  transmissions  since  there  is  only 
moderate  transmitter  power  available  and  essentially  no  aircraft  antenna  gain.  For  a relatively  small 
investment,  directive  ground-based  jammers  could  effectively  jam  at  least  part  of  the  system. 


Fundamental  to  the  design 
of  ASTRO-DABS  is  the  structur- 
ing of  an  interrogation  range- 
ordered  algorithm  which  insures 
that  aircraft  responses  to  satellite 
interrogations  do  not  garble  any- 
where in  space.  Since  ASTRO- 
DABS  transmissions  propagate 
garble-free  in  space,  one  could 
receive  such  transmissions  on 
the  ground,  and,  if  they  contained 
position  and  identity  information, 
utilize  this  data  for  tracking  air- 
craft. Therefore,  to  obtain  a 
surveillance  backup,  it  is  only 
necessary  that  each  aircraft  trans- 
mit identity  and  positional  infor- 
mation such  that  the  ground  si‘es 
used  for  surveillance  backup  can 
obtain  their  information. 


S/u 


In  ASTRO-DABS,  aircraft 
can  obtain  positional  information 
via  ASTRO-NAV,  To  utilize  this 
information  for  a surveillance 
backup,  refer  to  Figure  20. 

Each  aircraft  determines  and 
stores  the  time  of  arrivals  of  up 
to  six  timing  p'olses  relative  to 
the  arrival  of  the  first  timing 
pulse.  Upon  reception  of  the 
ASTRO- DABS  surveillance 
interrogation,  an  aircraft  follows 
his  usual  ASTRO-DABS  surveillance 
response  with  a second  trans- 
mission on  a separate  L-Band 
frequency  which  provides  his 
identity  together  with  the  set  of 
stored  relative  arrival  times. 

This  second  transmission,  because 
it  is  keyed  to  the  ASTRO-DABS 
interrogation,  propagates  through 
space  garble-free  and  can  be 


Responses  to  S/U  discrete  Address  Interroeation 


Figure  20  - Surveillance  Back-up  Operation 
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received  by  any  equipped  ground  site.  The  ground  site  then  relays  this  iniormation  to  the  satellite  center 
which  then  determines  the  target's  identity  and  position.  Thus,  the  satellite  control  center  obtains  the 
three  dimensional  position  and  identity  oi  all  targets  in  the  vicinity  of  the  surveillance  backup  ground 
sites.  This  backup  surveillance  information,  however,  would  only  be  transmitted  in  cases  of  emergency 
(e.g.,  under  conditions  of  up-link  jamming). 

la  any  air-to-ground  communication  the  possibility  of  aircraft  shielding  of  signals  has  to  be  considered. 
In  ASTRO-DABS  two  antennas  are  used  on  the  aircraft  to  reduce  the  problem  of  shielding.  The  aircraft 
transmits  his  first  surveillance  backup  transmission  as  previously  discussed  via  a bottom  mounted  antenna; 
a second  backup  signal,  via  the  top  mounted  antenna  on  a separate  frequency  channel,  is  transmitted 
immediately  afterwards.  Since  tnis  second  transmission  is  also  keyed  to  the  ASTRO-DABS  interrogation 
and  is  frequently  separated  from  both  the  surveillance  reply  and  the  first  backup  transmission,  it  will 
also  propagate  garble  free  anywhere  in  space. 

Air-To-Air  Collision  Avoidance  System  (Cj-.S) 

The  ASTRO-DABS  surveiliance  backup  transmissions  propagate  garble  free  everywhere  in  space 
and  therefore  can  ir^.onitored  by  any  aircraft  to  provide  three  dimensional  garble  free  air-to-air 
CAS  as  depicted  in  Figure  ^1. 

All  CAS  equipped  aircrail 
would  require  top  and  bottom 
antennas,  two  receivers  and 
an  ASTRO-NAV  capability. 

Once  the  ASTRO-NAV  computer 
has  been  initialized,  navigation 
update  positional  measurements 
can  be  made  in  milli-seconds, 

A CAS  positiona'  determination 
of  a target  is  expected  to  result 
in  a simple  algorithmic  extension 
of  ASTRO-NAV  since  target 
positions  of  interest  will  be 
relatively  close,  i.e.,  within 
a few  miles. 

Position  accuracy  ;n  CAS  is  a 
function  of  receiver  delay  jitter, 
ephemeris  accuracy,  propagation 
delay,  navigation  and  surveillance 
data  update  rates  and  target 
positi-m  computation  delay.  A one- 
sigma  three-dimensional  navigation  measurement  error  of  150  feet  anywhere  in  CONUS  appears  to  be  a 
realistic  design  goal.  The  overall  three  dimensional  relative  positional  error  in  the  CAS  operation 
should  be  somewhat  less  than  the  navigation  error.  These  accuracies  appear  consistent  with  the  data 
requirements  necessary  for  the  development  of  track  predictions  and  avoidance  algorithms  associated 
with  an  effective  CAS  implementation. 

Evolving  to  ASTRO-DABS 

Evolving  to  ASTRO-DABS  could  occur  progressively  in  the  four  states  as  described  in  terms  of 
frequency  band  occupancy  as  shown  in  Figure  iZ,  State  one  illustrates  the  ATCRBS  surveillance  system 
as  it  exists  today.  The  initiation  of  DABS  service  is  initiated  in  state  two.  The  launching  of  ASTRO- 
DABS  satellites  starts  the  operation  of  state  three  and  state  four  is  realized  when  CONUS  surveillance 
is  provided  only  by  ASTRO-DABS.  • 

In  state  three  the  compatible  ATCRBS  and  DABS  coexist  with  the  satellite-relayed  ASTRO-DABS  which 
operates  on  different  frequency  channels.  During  this  transition  state,  new  avionics  need  not  be  purchased 
until  normal  replacement  is  required  and  the  carriage  of  multiple  equipment  would  not  be  necessary.  To 
obtain  consistent  position  information  for  all  aircraft,  ASTRO-DABS,  DABS  and  ATCRBS  have  to  be  placed 
in  a common  coordinate  system.  This  is  achieved  by  placing  ASTRO-DABS  calibration  stations  at  or  near 
DABS  and  ATCRBS  sites  and  treating  each  of  these  sites  as  aircraft  so  that  they  are  periodically  polled 
as  part  of  the  interrogation  roll  call.  Thus,  each  DABS  site  and  ATCRBS  site  is  referred  to  the  ASTRO- 
DABS  coordinate  system  and  the  positional  information  of  all  aircraft  in  a given  region  is  provided  to  the 
regional  control  facility  in  a consistent  common-grid  system. 

The  satellite  control  center,  colocated  with  an  enroute  control  center,  is  linked  by  satellite  at  C-band 
with  18  other  enroute  centers  and  0ve  busy  terminal  centers  located  throughout  CONUS.  These  centers 
are  in  turn  linked  via  land  lines  to  all  other  regional  ATC  facilities.  The  data  received  via  the  satellite 
can  be  transmitted  anywhere  in  CONUS  via  an  enroute  or  terminal  relay. 
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Figure  • Air-to*Air  Collision  Avoidance  System  Concept 
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All  aircraft  flying  by 
instrument  flight  rules  (IFR) 
are  under  control  with  a regional 
controller  receiving  surveillance 
information  from  ATCRBS,  DABS 
and  ASTRO-DABS.  Aircraft 
flying  by  visual  flight  rules 
(VFR)  in  mixed  (VFR  and  IFR) 
airspace  and  in  regions  of  a 
DABS  site  are  under  automatic 
intermittent  control  by  the  Inter- 
mittent Positive  Control  (IPC) 
processor.  To  perform  the 
automatic  VFR  control  function 
properly,  the  IPC  processor  must 
know  the  positions  of  all  aircraft 
(VFR  and  IFR)  in  its  region  of 
responsibility.  ASTRO-DABS 
surveillance  information  would 
be  utilized  for  all  aspects  of 
position  data  acquisition  and 
would  be  coordinated  with  ATCRBS 
and  DABS. 
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Aircraft  which  normally  state  four 

would  be  surveyed  by  a parti- 
cular DABS  site,  but  which  are 
in  the  ASTRO-DABS  system  would 
have  their  surveillance  informa-  Figure  22  - Spectrum  Occupancy  Considerations  of  System  Evolution 

tion  transformed  to  DABS  coordi- 
nates and  transmitted  to  an  ATC 
facility  and  the  DABS  IPC  computer. 

Since  the  accuracy  of  the  ASTRO-DABS  aircraft  position  data  is  expected  to  be  greater  than  that  of  DABS, 
the  use  of  ASTRO-DABS  surveillance  data  should  not  degrade  the  operation  of  IPC.  Thus,  the  DABS  IPC 
computer  would  provide  IPC  service  for  all  aircraft  in  its  region.  The  IPC  commands  to  DABS  aircraft 
would  be  transmitted  by  the  DABS  data  link  while  IPC  commands  to  ASTRO-DABS  aircraft  would  be  trans- 
mitted via  the  satellite  data  link. 


In  states  one  and  two,  areas  where  ATCRBS  exist  are  under  control  so  that  there  is  no  data  link  to 
aircraft  but  only  voice  communication  for  control  messages.  During  state  three  such  areas  will  have 
both  ATCRBS  and  ASTRO-DABS  aircraft  to  control.  Again,  the  improved  accuracy  of  ASTRO-DABS 
surveillance  information  received  by  the  controller  will  not  degrade  the  control  function  since  the 
transformed  absolute  accuracy  of  the  ASTRO-DABS  aircraft  position  will  be  better  than  the  ATCRBS 
surveillance  data. 


In  state  four,  the  only  surveillance  system  would  be  ASTRO-DABS.  At  that  time,  ASTRO-DABS 
surveillance  services  become  universal  and  the  IPC  and  CAS  services  are  extended  everywhere.  State 
four  will  allow  full  advantage  to  be  taken  of  the  tracking  system  accuracy. 

6.  OPERATIONAL  BENEFITS  AND  LIMITATIONS 


The  operational  benefits  to  be  derived  from  satellite-based  systems  for  ATC  are  difficult  to  accurately 
guage  for  a variety  of  reasons  but  principally  because  of  the  lengthy  phase-in  periods  normally  associated 
with  ATC  system  elements.  The  economic  justification  for  this  is  not  difficult  to  understand  since  a new 
system  must  coexist  with  that  being  replaced  for  an  interval  approximating  the  useful  lifetime  of  the  avionics 
for  the  old  system.  It  is  currently  not  clear  when  an  operational  satellite-based  ATC  system  will  be  deploy- 
ed, even  though  the  AEROSAT  evaluation  program  shows  significant  promise.  The  FAA  and  others  have 
accomplished  cost  benefit  analyses  for  selected  satellite-based  systems  such  as  AEROSAT,  AATMS  and 
ASTRO-DABS,  however  the  results  are  not  definitive,  partly  due  to  uncertainties  in  the  assumptions  such 
as  avionics  costs,  phase-in  period,  technology  improvement  factors,  inflation  rate,  space  segment  costs, 
initial  investment  risk  aspects  and  performance  benefits.  The  analyses  typically  indicate  a beneficial 
result  for  the  satellite-based  systems  and  in  some  cases  very  significant  cost  savings  can  accrue. 

The  enhanced  communications  capability  and  the  improved  surveillance  accuracy  gained  from  satellite 
systems  can  result  in  a system  capacity  improvement.  In  the  case  of  the  over-ocean  application  and  pos- 
sibly also  for  continental  applications  such  as  for  CONUS,  this  may  constitute  a significant  benefit.  If  the 
improved  performance  allows  increased  confidence  and  use  to  be  made  of  automated  ATC  facilities,  then 
an  improvement  in  both  system  capacity  and  cost  of  system  operation  may  be  realized. 

Certain  limitations  of  satellite'  based  systems  for  CONUS  ATC  should  be  indicated.  First,  it  is  doubt- 
ful if  the  avionics  costs  associated  with  any  satellite  system  will  be  competitive  for  some  time  with  the  low 
cost  VOR/DME  equipment  currently  employed  by  the  general  aviation  user.  The  avionics  required  for 
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satellite  service  may  be  considerably  more  costly  than  today's  ATCRBS  transponders  because  of  the 
normal  requirements  for  high  transmitter  power,  coherent  operation,  near  uniform  upper  hemiS|Aerical 
coverage  aircraft  antennas  and  avionics  which  limit  the  mutual  interference  between  aircraft.  Thus  it 
does  not  appear  that  on  a competitive  basis,  satellite  techniques  would  replace  the  FAA's  VOR/DME 
ground  networks  in  the  foreseeable  future. 

The  susceptibility  of  a satellite-based  ATC  system  to  intentional  or  unintentional  jamming  and  inter- 
ference is  an  area  of  significant  concern.  There  do  not  appear  to  be  satisfactory  mechanisms,  technical 
or  political,  for  dealing  with  this  threat.  It  may  be  unrealistic  to  expect  implementation  of  an  ATC 
system  which  could  be  disrupted  by  the  activities  of  a unfriendly  country  or  a terrorist  group.  A 
number  of  strategies  can  be  employed  to  minimize  this  hazard  but  it  remains  a serious  problem  which 
is  receiving  attention. 

Satellite  systems  will  prove  themselves  in  the  competitive  ATC  environment,  if  they  provide  a viable 
"best"  solution  for  the  requirements  of  the  users.  Unfortunately,  this  is  a deceptively  difficult  task 
because  we  find  in  nearly  all  areas  that: 

(1)  The  user  "requirements,"  needs  or  deficiencies  are  seldom  clearly  or  comprehensively  establish- 
ed, especially  in  the  context  of  the  costs  and  priorities  involved  in  satisfying  these  requirements. 

(2)  There  is  no  single  acceptable  criterion  for  a "best"  solution,  but  rather  a large  number  of  inter- 
related criteria  (such  as  coverage,  accuracy,  availability,  costs,  etc.)  which  must  be  considered 
on  a comparative  basis  in  evaluating  candidate  systems. 

(3)  The  uncertainties  in  determining  the  actual  expenditures  associated  with  the  research,  develop- 
ment, implementation  and  operation  of  current  and  proposed  systems  is  such  that  a high  level 
of  confidence  cannot  normally  be  given  to  system  comparative  cost  evaluations  and  projections. 

(4)  Also  in  the  cost  area,  it  is  very  difficult,  if  not  impossible,  to  quantify  the  benefits  which  may 
result  from  the  introduction  of  a new  or  significantly  improved  capability. 

(5)  In  many  areas  of  technology,  multiple  approaches  to  particular  problems  are  available  and  are 
found  to  provide  sets  of  alternatives  of  essentially  equal  merit  or  value.  This  flexibility  is 
desirable  but  compounds  the  system  selection  issue. 

(6)  Advocacy  positions  taken  by  various  factions  supporting  particular  alternatives  and  the  competitive 
parochialism  which  may  develop  tends  to  confuse  the  decision  process. 

(7)  The  differing  applications,  requirements,  coverage  characteristics  and  modes  of  operation  of  the 
various  user  classes  tend  to  favor  special  purpose  systems,  deployed  in  multiple  to  provide  the 
desired  service.  However,  advantages  relating  to  cost  and  other  common  use  features  tend  to 
favor  a small  number  of  system  implementations. 

This  provides  an  ind'c::tion  of  several  of  the  uncertainties  and  constraints  associated  with  investigating 
the  technical,  operational  and  economic  factors  which  influence  system  benefit  analyses.  Additionally,  it 
points  out  some  of  the  difficulties  in  formulating  the  bases  for  a valid  system  selection  process. 

Possibly  one  of  the  greatest  liabilities  of  satellite-based  system  for  ATC  is  simply  the  fact  that  they 
are  relatively  new  systems.  The  following  brief  quotation  from  Machiavelli's  The  Prince,  written  in  1513 
may  be  of  interest 

"It  must  be  remembered  that  there  is  nothing  more  difficult  to  plan,  more  doubtful 
of  success,  more  dangerous  to  manage  than  the  creation  of  a new  system  . . . for  the  initiator 
has  the  enmity  of  all  who  would  profit  by  the  preservation  of  the  old  institutions  and  merely 
luke-warm  defenders  in  those  who  would  gain  by  the  new  ones." 

7.  FUTURE  TRENDS  AND  TECHNICAL  CHALLENGE 

The  widespread  interest  and  activity  associated  with  the  development  of  satellite-based  air  traffic 
control  and  position  determination  systems  indicates  that  the  potential  benefits  obtainable  from  these 
systems  in  a variety  of  applications  are  significant.  The  demonstrated  capabilities  of  satellite  systems 
such  as  those  discussed  earlier,  and  the  experience  gained  from  the  large  number  of  civil  and  military 
communication  satellite  systems  which  have  been  deployed,  leads  one  to  the  conclusion  that  there  exists  a 
trend  toward  the  use  of  space-based  systems  for  many  important  applications.  Since  the  developments 
in  space  systems,  aircraft  avionics,  electron  devices,  and  other  areas  of  technology  continue  to  proceed 
at  a lively  pace,  it  appears  that  continued  exploitation  of  satellite-aided  systems  will  continue  in  the  future. 
The  full  implications  of  this  activity  are  not  clear  but  many  of  the  functions  and  services  which  we  have  tra- 
ditionally had  fulfilled  by  ground-based  systems  may  be  accomplished  in  the  future  by  systems  configured 
with  satellite-based  elements.  Further,  these  systems  may  accomplish  a variety  of  functions  with  greater 
effectiveness  and  at  lower  cost. 
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The  introduction  of  satellite  systems  for  communications,  air  traffic  control,  navigation  and  other 
services  could  cause  significant  changes  in  the  operation  of  many  related  large  systems.  Substantive  opera- 
tional changes  of  this  character  do  not  occur  rapidly  or  without  comprehensive  pre-operational  system  dem- 
onstration and  user  community  acceptance.  Therefore,  the  introduction  and  integra’ion  of  satellite-based 
elements  into  the  ATC  and  related  system  frameworks  on  a domestic  and  internationa'  basis  may  be  expect- 
ed to  occur  in  a gradual  nianner  responsive  to  the  combination  of  needs,  technoiogv,  coits,  benefits,  alter- 
natives available  and  other  operative  institutional  and  political  factors. 

In  the  ATC  role,  a principal  technical,  or  techno-economic,  challenge  is  to  improve  the  productivity 
of  the  human  elements  within  the  system,  increase  system  capacity  and  concurrently  improve  safety.  This 
is  an  extremely  difficult  task  but  one  of  great  importani:e  if  the  projected  growth  in  air  traffic  occurs  and 
the  current  trend  in  labor  costs  continue.  Satellitc-aioed  systems  provide  certain  capabilities  which  may 
assist  in  achieving  these  objectives.  Two  of  the  principal  features  of  satellite -aided  ATC  systems  are  their 
pervasive  coverage  characteristics  and  improved  position  surveillance  accuracy.  If  the  higher  quality  sur- 
veillance allows  an  improvement  in  the  control  of  air  traffic  through  increased  use  of  automated  facilities, 
then  a less  labor  intensive  system  may  be  feasible  with  attendant  long  term  savings.  Additionally,  increas- 
ed capacity  may  be  obtainable  and  at  reduced  cost.  However,  the  satellite-aided  capability  is  but  one  ele- 
ment In  *he  series  of  improvements  which  in  combination  can  achieve  the  desired  goal. 

The  technical  challenges  associated  with  the  development  of  satellite -aided  ATC  systems  fall  into 
several  areas.  These  include  system  technology,  component  development,  fabrication  or  production,  and 
cost.  There  remains  the  need  for  satellite-aided  ATC  systems  to  be  configured  which  meet  the  current  re- 
quirements of  the  users,  allow  for  an  evolutionary  phase-in,  are  competiti'’ely  viable  and  acceptable  to  the 
ATC  community.  Possibly  the  greatest  technical  challenge  relates  to  the  development  of  reliable,  low  cost 
user  avionics  which  perform  their  assigned  functions  as  specified  and  require  low  levels  of  maintenance. 
There  have  been  impressive  advances  made  by  the  defense  agencies  in  this  area  during  the  past  several 
years  and  with  additional  innovations,  standardization  and  improvements  in  production  techniques,  continu- 
ed reductions  in  the  cost  of  complex  avionics  are  inevitable.  We  arc  aware  of  the  reductions  in  cost  that 
have  accompanied  large  scale  production  and  competition  in  the  small  electronic  calculator  and  computer 
fields.  The  benefits  of  large  scale  integration  (LSI)  of  solid  state  devices  snd  similar  technology  improve- 
ments has  possibly  opened  a new  frontier  for  low  cost  avionics  development. 

Concerning  the  satellite-based  systems  under  development  or  planned,  the  question  naturally  arises 
as  to  the  possible  duplication  or  proliferation  in  system  development  which  may  occur.  Although  the  appli- 
cations of  the  various  systems  are  generally  divergent,  it  is  apparent  that  certain  advantages  can  be  gained 
through  either  the  combining  of  system  functions,  or  by  consolidating  independent  systems  int"  a single 
set  of  space  platforms.  Currently,  satellite-based  ATC  systems  are  in  the  system  concept,  experimental 
or  developmental  stages  and  are  somewhat  removed  from  operational  deployment.  The  differing  applica- 
tions, requirements,  coverage  characteristics  and  modes  of  operation  of  the  various  system  techniques  and 
user  classes  tend  to  justify  the  initial  development  of  special  purpose  systems  to  provide  the  desired  serv- 
ices. However,  careful  consideration  should  be  given  to  the  potential  benefits  of  the  operational  deployment 
of  a minimum  number  of  common-use  systems. - 
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Summary 


MADAP,  KARLDAP  and  SHANDAP  are  Air  Traffic  Control  data  processing  systems  which  are  Implemented 
in  the  Upper  Airspace  Centres  of  Maastricht,  Karlsruhe  and  Shannon  by  the  EUROCONlTtOL  Agency, 
MADAP,  operational  since  October  1973<  ond  KARLDAP  have  a similar  operational  and  technical 
concept  and  are  designed  for  cosiblned  flight  data  and  radar  data  processing  as  from  the  Initial 
phase  of  operation.  They  are  both  large  multicomputer  systems  with  high  computing  and  storage 
capacity.  The  size  of  the  real-time  software  Is  of  the  order  of  some  hundred  thousand  Instruc- 
tions. This  paper  gives  a description  of  the  functions  and  of  the  hard-  and  software  structure 
of  the  two  sy.items  with  special  consideration  of  reliability,  programming  and  Implementation 
aspects, 

SHANDAP  Is  Initially  a radar  data  processing  system  to  be  followed  by  a flight  data  processing 
system  which  is  being  developed. 


Introduction 

The  EUROCOtiTROL  Agency  Is  responsible  for  the  Implenentatlon  of  various  projects.  Annngst  these 
are  the  Data  Processl.''.g  Systems  of  the  Miastrlcht,  Karlsruhe  a.id  Shannon  Upper  Airspace  Centres, 
The  operation  of  each  of  the  three  above  Centres  will  heavily  depend  upon  rather  advanced  Data 
Processing  Systems, 

Electronic  Data  Processing  Is  here  essentially  used  for  the  automatic  reception  and  handling  of 
Flight  Plan  a.nd  Radar  Data  ind  for  the  presentation  of  the  processed  Information. 

The  three  systems  are  known  under  the  acronyms  of  : 

- I'WDAP  i Maastricht  Automatic  Data  Processing  and  Display  System 

- KARLDAP  : Karlsruhe  Automatic  Data  Processing  and  Display  System 

- SHANDAP  : Shannon  Automatic  Data  Processing  and  Display  System. 

For  operational,  technical  eind  historical  reasons,  MADAP  and  KARLDAP  are  quite  similar. 

The  Shannon  problem  Is  different  and  so  Is  the  SHANDAP  solution. 

2.  MADAP  and  KARLDAP 


2.1.  General  Aspects  of  Maastricht  and  Karlsruhe  Centres. 

The  Maastricht  Upper  Airspace  Centre  Is  responsible  for  providing  Air  Traffic  Control 
service  In  the  Upfjer  Airspace  above  Belgium,  Netherlands,  Luxembourg  and  Northern  Germany. 
The  area  of  reap'  tslbl llty  of  the  Karlsruhe  Upper  Centre  Is  the  Upper  Airspace  above 
Southern  Germany. 

The  operational  objective  Is  to  achieve  Air  Traffic  Control  services  for  the  whole  area, 
that  Is  to  say  for  all  flights.  Irrespective  of  their  flight  conditions.  Both  organisations 
(Maastricht  and  Karlsruhe)  also  provide  for  tl^t  coordination  with  Air  Defence. 

This  la  achieved  In  a different  way  for  each  Centre  : 

- In  the  area  of  responsibility  of  the  Maastricht  Centre,  military  operations  above 
HEI.'ELUX  are  controled  by  separate  military  ATC  facilities.  Only  as  far  aa  Nothem 
Germany  la  concerned,  these  facilities  are  located  In  the  Maastricht  Centre  itself. 

- The  concept  of  Air  Traffic  Control  operations  for  Southern  Germany  (Karlsmhe  Centre) 

Is  based  upon  the  Integration  of  the  civil  and  military  control  of  Upper  Airspace  traffic. 
The  Karlsrmihe  Centre  Is  organized  In  such  a way  that  Civil  and  Military  operations  are 
controlled  from  the  same  control  sectors. 
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The  bulo  choice  for  the  eyetems  and  Bubayetem  for  the  Maastricht  Centre  was  made  In 
1968,  that  la  about  three  years  earlier  than  those  for  the  Karlsruhe  Centre.  The  pro- 
gress In  technology  plus  the  variations  In  the  operational  concepts  explain  the 
differences  between  the  two  projects,  and  In  particular  between  the  two  main 
Data  Processing  Systems.  As  will  be  seen  later,  these  differences  are  rather  marginal 
from  a technical  point  of  view. 

MADAF  has  been  Introduced  Into  operation  on  the  1st  October  197?<  KJVRIDAP  Is  foreseen 
to  become  operational  by  the  beginning  of  1976. 

a. 2.  Basic  Features  of  MADAP  and  KARLOAP. 


2.2.1.  General 


MADAP  and  KARLDAP  are  characterized  by  a high  degree  of  automation  in  the  proces- 
sing of  flight  plan  and  radar  data. 

Complete  primary  and  secondary  radar  coverage  Is  provided  by  remote  radar  stations 
from  which  radar  data  are  transmitted  In  digital  form  via  telephone  lines.  The 
air  traffic  situation  Is  presented  to  the  controllers  on  a purely  synthetic  display 
system. 

2.2.2.  Functions 


The  B.'i.'n  functions  of  MADAP  and  KARLDAP  are  as  follows  : 

- Flight  Plan  Processing 

- Reception  and  verification  of  flight  data  messages  from  a local  permanent 
storage,  or  from  a local  mar  .al  Input  and  neighbouring  Air  Traffic  Service 
units. 

- Extraction  of  data  relevant  to  flight  prediction  (route). 

- Flight  plan  activation  rn  ' navigation  (l.e.  periodical  computation  of  flight 
plan  position). 

- Processing  of  Estltm.  rf  Arrival  over  reporting  points. 

- Preparation  o.  Flight  m a for  display  to  oontrolleis  either  In  the  form 

of  a printed  flight  pro^  s strips  or  In  the  form  of  messages  on  an  Electro- 
nic Data  D1  play. 

- Radar  Date  Processing 

- Reception  arid  ve»'lflce tlon  of  radar  Information  arriving  In  digital  form  over 
land  lines  from  a number  0.'  remote  radar  stations. 

- Automatic  tracking  on  secondary  radar  data.  Initiation  of  tracks  Is  automatic 
on  3SR  selected  codes  and  manual  on  primary  radar  data. 

- Miltlradar  tracking  : f'.ere  may  be  as  many  tracks  us  there  are  radars  seeing 
a particular  aircraft.  Thes«’  tracks  are  combined  In  a multi-radar  tracking 
logic  to  display  a unique  system  track. 

- Correlation  of  flight  plan  and  radar  data. 

- Association  of  the  aircraft  call-sign  to  Its  secondary  radar  code. 

- Measurement  of  track  to  flight  plen  position  divergence  and  updating  of  flight 
plan  data  using  track  data. 

- Display  and  input  of  data  at  operators  positions 

- Storage  and  processing  of  information  for  display  In  various  form'.,  and  the 
routing  of  this  Information  to  the  appropriate  operator  position  at  the  correct 
time. 

- Provision  of  facilities  for  direct  communication  between  operators  and  the 
processing  system  by  means  of  manual  Input  messages. 

- Additional  functions 

- Sued  as  presentation  of  weather  data,  direct  digital  exchange  of  Inlormatlon 
with  neighbouring  Air  Traffic  Control  Centres,  recording  of  data  for  statis- 
tical, legal  and  reconfiguration  purposes. 
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2.2.3.  MADftP  and  KARLEAP  major  Bubayatema. 

Prom  a data  proceaalng  point  of  vl«w,  the  operational  functions  described  above 
may  be  grouped  Into  three  categories  i 

I The  handling  of  transmission  and  reception  of  digital  data  to  and  from 
neighbouring  Air  Traffic  Control  Units 

II  The  processing,  assembling,  correlation  and  preparation  for  display  of 
data  of  various  nature. 

This  category  rray  be  subdivided  Into  two  parts  s 

- The  general  system  functions  e.g.  : - Flight  data  processing 

- Radar  data  processing 

- Correlation  of  radar/flight  .ilan  data. 

Such  general  functions  aim  at  the  building  of  a general  data  bank  des- 
cribing the  air  traffic  situation  In  the  area  considered. 

- Specific  functions  which  are  "operator  working  position  orientated", 
such  as  I - Filtering  of  data  for  display  purposes 

- Interpretation  of  controller  Input  orders 

- Updating  and  renewal  of  displayed  data. 

III  The  presentation  of  the  Information  to  operators  and  the  Introduction  of 
data  into  the  system  from  operators  positions. 

Taking  the  above  into  account,  MADAP  and  KARLDAP  consist  logically  of 
three  major  subsystems  t 

- a data  connunloatlon  and  terminal  system  (D.C.T.S.)  for  the  exchange  of  data 
with  external  units, 

- a central  computer  complex  (C.C.C.)  subdivided  Into  t 

- a main  computer  complex  (MCC)  handling  the  general  functions  of  the  system, 

- a peripheral  computer  complex  (PCC)  handling  operators  oriented  function!. 

- an  operator  display  system  Including  the  Input  devices  forming  the  man/machlne 
Interface. 

2.2.**.  Reliability  aspects. 

Maximum  availability  Is  of  course  one  of  the  main  design  objectives  of  ATC  data 
processing  systems.  This  Is  even  more  true  for  tlADAP  and  KARLDAP  which  have  no 
conventional  manual  fall  back  possibilities. 

The  high  reliability  of  MALAP  and  KARLDAP  result*  from  a combination  of  several 
features  such  as  : - unit  reliability 

- hardware  redundancy 

- software  deslpi  capable  of  handling  reconfigurations 

- possibility  of  operation  In  a down-prndd  mode. 

2.2.5.  Test  and  Improvement  facilities. 

The  complexity  of  the  systems  and  the  dynamic  aspect  of  operational  requirements 
necessitate  that  adjustments  and  evolution  must  be  feasible  without  putting 
operation  In  danger.  This  leads  to  a strong  requirement  for  facilities  allowing 
the  Implementation  of  l ew  functions  or  packages  In  a real  environment.  This  roust 
be  done  without  interference  to  the  proper  operation  of  the  system.  As  will  be 
seen  later,  such  facilities  are  Introduced  In  MADAP  and  KARLDAP,  by  striking  a 
balance  between  the  amount  of  redundancy  to  be  Implemented  and  the  complexity  of 
switching  over  from  one  configuration  to  the  other. 

2.2.6.  Programming. 

The  on-line  progranries,  used  for  the  real-time  processing  of  operational  data, 
are  run  under  real  time  supervisors.  The  organisation  of  the  programres  Is 
characterized  by  the  following  aspects  ;-  modular  structure  of  programs 

- central  data  banks 

- reconfiguration  requirements. 

- Real  time  supervisors 

The  use  of  standard  Operating  Systems  could  not  be  envlseqjed  for  MADAP  and 
KARIDAP  real-time  operation.  It  was  therefore  necessary  to  develop  special 
real-time  supervisors  : RTSX  and  MARTOS. 
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- Nodular  atructure  of  prograianes . 

In  view  of  the  complexity  and  volume  of  programmes  required  (250,000  Instructions 
about),  mod\il,ar  programming  has  been  used.  The  operational  and  system  functions 
have  been  divided  Into  modules.  Each  module  performs  an  elementary  function  or 
group  of  functions,  suoh  that  the  size  of  the  corresponding  group  of  routines  Is 
as  far  as  possible  of  the  order  of  1,000  to  4.000  Instructions.  The  modules  can 
communicate  only  via  the  supervisor  program.  They  have  also  access  to  a common 
data  pool. 

Each  module  contains  the  following  : - local  data 

- module  control  brick  which  Is  In  charge 
of  the  Interface  with  the  supervisor 

- processing  bricks. 
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- Data  banks. 

The  data  banks  contain  Information  common  to  several  modules.  There  are  essen- 
tially two  categories  of  data  banks  ! 

- the  static  data  bank  containing  the  environment  description,  l.e.  the  data 
which  are  n{  t subject  to  real  time  changes  such  as  sector  boundaries,  airports, 
reporting  points,  air-routes,  aircraft  characteristics. 

- the  dynamic  data  bank  containing  the  real-time  data  descilblng  the  real-time 
air  situation. 

The  dynamic  data  bank  is  core  store  resident. 


- Reconfiguration  aspects. 

The  necessity  to  reconfigure  devices  and  start,  stop  and  restart  system  with  a 
minimum  of  perturbation  to  the  operation  has  lead  to  a peirtlcular  organisa- 
tion of  the  aystem  data  base  and  to  the  Implementation  of  special  modules. 


3.  The  MADAP  System. 


5.1.  Size  of  the  system. 

The  size  of  the  MADAP  system  derives  from  the  following  Initial  design  parameters 


Flight  plan  processing  capacity 
Radar  data  processing  capacity 
Radar  Inputs 

Controller  operating  positions 


2C0  active  flight  plans 
250  tracks 

up  to  6 primary-secondary  radar  stations 
(average  number  110  plots/second) 
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As  will  be  described  later,  the  actual  Implementation  plan  has  lead  to  an  organisation 
different  from  the  one  contemplated  at  the  design  stage. 


5.2.  The  Central  Computer  Complex. 

The  Central  Computer  Complex  comprises  : - the  teln  Computer  Coinple.x 

• the  Peripheral  Computer  Complex. 

5.2.1.  The  Main  Computer  Complex  (FCC)  Is  a triplicated  IBM  570/155  system.  The  input 
of  radar  data  (plots)  to  the  system  Is  executed  by  a special  device  : the  sub- 
multiplexer,  which  ensures  the  Interface  between  the  radar  lines  and  the  M.aln 
Computers.  Each  IBM  570/155  has  a core  storage  of  1024  K Bytes.  Four  disc 
control  units  each  with  three  2514  drives  of  2(7  M bytes  capacity  can  be  connec- 
ted via  two  channel  switches  and  2914  switches  to  any  of  the  three  main  computers. 
Tvjo  magnetic  tape  units  driving  each  three  tapes  can  similarly  be  connected  to 
any  of  the  three  main  computers.  Only  one  computer  executes  the  on-line  pro- 
grammes. The  second  Is  then  In  a stand-by  state  whilst  the  other  may  be  used  for 
off-line  Jobs. 

In  the  present  situation,  the  on-line  system  makes  use  of  two  disc  control  units 
(2x5  discs)  and  one  tape  control  unit  (5  tapes). 

The  Main  Computer  Complex  Interfaces  with  the  Peripheral  Computer  Complex  via 
parallel  data  adapter  IBM  2701, 


5.2.2.  The  Peripheral  Computer  Complex  comprises  six  AEG-Telefunken  TR  86  computers. 
Four  out  of  six  are  for  on-line  use,  the  two  remaining  being  used  as  stand-by. 
Each  TR  G6  has  a core  sorage  of  192  K Bytes  (64  words  of  24  bits). 
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The  main  taaka  of  the  peripheral  computers  are  i 

- formatting  and  display  of  data  coming  from  the  Main  Computer 

- Interpretation  of  Inputs  from  the  controller  working  position 

The  oore  storage  of  the  TR  86  is  used  as  the  picture  repetition  store  of  the 
displays. 

Each  TR  86  Is  connected  to  a mas^etlo  tape  unit. 

Two  disc  units,  each  of  2 M bytes  can  be  accessed  by  either  of  the  two  stand-by 
computers. 

3.5,  The  Operator  Input  and  Display  System  (OPS). 

The  CDS  Is  subdivided  Into  two  parts  t - the  display  sub-system 

- the  operator  Input  sub-system  and  teleprinters, 

3.3.1.  Display  sub-system. 

There  are  two  types  of  displays  : the  Synthetic  Data  Display  (SDDs)  and  the 
Electronic  Data  Displays  (EDDs).  Both  types  of  displays  are  driven  by  common 
equipments,  the  Display  Drive  Units  (DDUs). 

- SDDs  are  circular  plan  position  Indicators  used  to  present  the  controller 
with  the  following  data  : - radar  track  positions  and  speed  vectors 

- artificial  afterglows 

- associated  labels  (call-sign,  altitude,  attitude) 

- radar  plots 

- maps  of  air  routes,  sector  boundaries,  reporting 
points  etc...) 

- EDDs  are  rectangular  displays  used  to  present  various  flight  data  Information 
(ETAs,  flight  levels,  call-sl^  etc...} 

- DDUs  share  the  load  of  driving  a certain  number  of  displays  of  both  type. 

Apart  from  brilliance  and  brightness  control,  all  the  display  functions  are 
performed  under  computer  programae  control. 

3.3.2.  Operator  Input  sub-system  and  teleprinters. 

The  following  Input/output  devloes  are  at  the  disposal  of  the  ccntroller  ! 

- Dlsnlay  Control  panel  for  selection  of  the  types  of  data  to  be  displayed  on 
SDDs  and  for  scale  and  centre  settl.,g8. 

- Rolling  Ball  used  to  drive  a posltlor  designation  marker  on  the  dlsplf.ys. 

- Touch  Input  Device  consisting  of  an  Eleci,ronlc  Data  Display  covered  by  a 
transparent  overlay  where  touch  wires  are  Inbedded.  This  Is  used  as  a 
Instantaneously  progrtimmable  keyboard, 

- Printers  Including  strip-printers  and  hard  copy  printers 

- Keyboards  allowing  the  Input  of  alphanumeric  data  for  entering  the  flight 
plan. 

3.^.  Other  sub-systems 

3.^.1.  The  Digital  Corrrainlcatlon  Terminal  System  (DOTS) 

The  DOTS  Is  an  autonomous  front-end  processor  used  for  the  exchange  of  ATS 
messages  between  MADAP  and  neighbouring  Centres. 

The  XTS  Is  a dual  computer  complex  comprising  two  CII  Mltra  15  computers  each 
with  its  own  discs  and  tapes. 

The  two  DOTS  computers  work  In  parallel.  The  Inputs  from  the  external  lines  are 
processed  In  parallel  and  are  buffered  on  disk  until  completely  retransmitted. 

3.^.2.  The  Technical  Monitoring  and  Control  System  (TMCS) 

The  functions  of  the  TMIS  are  the  following  : 

- centrallte  the  monitoring  and  control  of  MADAP  and  ancillary  systems  (alr- 
oondltlonlng,  power  supply  etc...). 

- eventually.  Initiate  the  automatic  switching  and  reconfiguration  of  the 
system. 

These  functions  are  performed  under  control  of  a dual  processor  system  comprising 
two  Telemecanlque  T 16OO  computers. 
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3.5.  Hodea  of  operation  of  the  MADAP  Syatem 

3. 5.1.  Normal  state 

The  syatem  la  In  a normal  atata  aa  long  aa  a "minimum  atrlng"  of  equipment  Is 
available  for  the  system  to  perform  the  totality  of  Ita  operational  functions 
to  the  required  capacity. 

This  minimum  atrlng  Is  basically  composed  as  follows  : 

- one  sub-multiplexer  (out  of  two), 

- one  main  computer  (out  of  three)  with  one  disc  control  unit  with  discs  and 
one  magnetic  tape  control  unit  with  three  tape  units, 

- the  number  of  peripheral  computers  (with  their  Interface)  which  Is  necessary 
to  drive  the  whole  display  system  (two  In  the  present  state,  three  for  the 
full  extension  of  MADAP). 

The  hardware  and  software  presently  available  permits  that  tlie  system  can  be 
operated  aa  follows  i 

- A complete  operational  fC-  iV  chain  drives  the  operational  system.  Within  this 
operational  chain.  It  Is  necessary  to  perform  the  required  peripheral  unit 
switching  In  case  of  malfunctioning  (SMX,  disc,  tapes  etc...).  Those  actions 
are  In  principle  automatic  and  software  driven. 

- A standby  M7  Is  In  a waiting  state.  If  necessary  it  will  be  switched  Into 
the  new  hardware  configuration. 

- Two  standby  PCs  are  ready  to  take  over  automatically  the  role  of  any  operational  PC. 

- The  third  MC  can  be  connected  to  any  spare  PC  In  order  to  constitute  a complete 
test  and  development  chain.  This  Is  of  great  Importance  for  thorough  testing 
of  the  new  programmes. 

- Alternatively,  the  third  MC  with  Its  peripherals  can  be  used  as  a computing 
centre  allowing  batch  processing,  time  sharing  operation  etc.,..  The  spare 
PCs  can  also  be  used  as  autonomous  computer. 

3.5.2.  Reduced  state 

In  order  to  provide,  on  one  hand,  an  ultimate  fall-back  In  case  of  total  break 
down  of  the  Main  Computer  Complex  and  on  the  other  hand  a possibility  to  bridge 
the  gap  between  switch-over  periods,  a special  software  package  has  been  developed. 

It  Is  known  as  REP  (Radar  Emergency  Processor)  and  constitutes  a replacement  for 
the  Radar  Data  Processing  and  Display  functions  of  the  normal  state. 

This  package  Is  run  In  the  Peripheral  Computer  Complex  only.  In  such  a mode  of 
operation,  radar  data  from  the  plot  extractors  are  fed  into  one  of  the  standby 
peripheral  computers  which  takes  over  the  reduced  system  functions. 

These  functions  consist  basically  In  performing  mosaic  filtering  and 

radar  to  call-sign  correlation  In  order  to  allow  maintaining  of  a labelled  radar 

picture  to  the  controllers. 

The  REP  Is  activated  whenever  a MC  failure  Is  detected.  It  takes  then  approxima- 
tely five  seconds  before  REP  information  Is  displayed  on  controller  screens. 

IXirlng  that  time,  the  restart  of  the  MCC  Is  attempted.  VJhen  the  MCC  is  resteu-ted, 
an  operator  connand  will  make  REP  inactive  and  within  8 seconds  of  that  signal, 
the  Peripheral  Computer  will  be  In  the  position  to  display  again  MC  data. 


3.6.  The  MADAP  Software 

3.6.1.  Main  Computer  Operational  Programme. 

- Categories  of  programmes 

The  MC  operational  programmes  comprise  ; - the  MC  on-line  supervisor 

- the  System  programmes 

- the  Application  programmes. 

MC  on-line  supervisor 

The  fC  on-line  supervisor  , RTSX  (real-time  system  executive)  Is  responsible  for 
controlling  the  activity  of  the  machine.  It  Is  alvlded  Into  five  sections  as 
detailed  below  ; 
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ram  Control 


All  prograimes  are  arrangad  In  a sat  of  loop  suboltted  to  tlma  ocnstralnts. 
The  Program  Control  section  Is  responsible  for  selection  and  Initiation  of 
programmes  and  makes  sure  that  ell  the  different  programs  are  driven  In 
order  to  respond  to  their  time  constraints.  All  the  loops  are  arranged  In 
a level  of  priority,  and  the  algorithm  of  selection  of  a program  In  a loop 
can  be  different  on  each  loop  and  Is  application  de|>endent. 

- Interrupt  Supervision 

Interrupts  occur  asynchronously  In  the  system.  They  are  handled  with 
absolute  priority  over  all  user  programs  (System  snd  Application).  The 
routine  driven  as  result  of  the  Interrupt  can  be  application  dependent. 

At  the  end  of  this  routine,  control  may  either  return  to  the  Interrupt 
program  or  to  another  one. 

- Input/output  supervision 


This  section  controls  all  the  1/0  operations  of  the  system.  It  deals  with 
the  queuing  and  initiation  of  requests. 

- Storage  management 

This  section  1s  responsible  for  J 

- dynamic  allocation  of  storage  for  progrannes  transferred  from  discs 

- dynamic  allocation  of  data  storage  for  programs  which  need  to  construct 
messages 

- transmission  of  data  from  one  programme  to  another  by  means  of  the  Input 
queue 

- dequeuing  of  data  from  Input  queue  for  processing  by  user  programs. 

- The  System  Services  section  executes  services  for  user  programs.  These 
Includes  get  time  services,  communication  with  the  operator  console  for  the 
output  of  messages  and  the  interpretation  and  dispatching  of  various  commands 
debugging  facilities  and  data  management. 

The  System  Programmes 

They  represent  about  160  K Bytes,  50St  of  which  are  non  resident.  The  system 
programmes  are  composed  of  about  ^1  modules  responsible  for  functions  such  as  i 

- confidence  checking 

- start-stop,  restart 

- status  recording 

- device  reconfiguration 

- data  exchange  within  the  system. 

Application  programmes 

They  represent  approximately  y)  modules,  totaling  about  2J2  K Bytes.  Ihe 
majority  Is  core  resident.  They  are  divided  Into  the  following  groups  : 

- Radar  tracking 


The  corresponding  modules  are  In  charge  of  the  management  of  Information 
supplied  by  several  radars  located  at  different  points  of  the  MAOAP  area. 
Three  main  steps  appear  In  the  treatment  of  radar  Information. 

- Plot  elaboration 

The  radar  plots  are  elaborated  at  the  radar  site.  A digital  message  Is  fed 
Into  MADAP,  which  contains  for  a plot,  a position,  a mode-code  (If  any)  and 
other  complementary  Information. 

- Local  Tracks  handling 

A local  track  Is  a succession  of  plots  from  one  radar  concerning  one  air- 
craft. The  corresponding  Information  which  Is  called  In  MA7)AP  the  "local 
track  block"  contedns  mainly  smoothed  local  position,  speed  and  track 
quality. 
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- Comtnon  tracka  handling  local  traoka  and  converted  to  system  or  "ooramcn  tracks". 

Several  local  tracks  corresponding  tha  sane  arloraft  seen  by  several  radars 
are  combined  to  a single  cotnnon  track,  continuing  smoothed  system  position, 
speed  and  track  quality. 

The  configuration  of  radar  used  with  their  plot  filtering  areas  and  track 
responsibility  areas  can  be  changed  automatically  In  case  of  non  availability 
of  data  from  a particular  radar  station. 

- Flight  plan  processing 

The  flight  plan  processing  modulec  form  the  basis  for  all  the  planning  func- 
tions within  the  ATC  system.  The  flight  information  arrives  In  the  system 
through  a set  of  ATC  messages  coming  from  adjacent  centres  via  automatic 
links  or  from  manual  inputs  on  keyboards. 

The  flight  plan  Information  Is  checked,  processed  and  updated  for  communica- 
tion to  the  display  modules. 

- Flight  plan/Vadar  track  correlation 

Correlation  Is  established  by  cross  referencing  common  track  blocks  and  flight 
plan  data.  After  correlation,  the  aircraft  call  slgxi  Is  Inserted  In  the 
label  of  the  radar  track  displayed.  The  flight  plan  position  of  an  aircraft 
Is  periodically  computed  and  checked  against  the  actual  position  derived  from 
radar  data.  The  flight  plan  position  Is  then  updated  from  the  radar  position. 

J.6.2.  PC  operational  progrsjns 

The  supervisor  system  for  the  peripheral  computers  (MAJTTOS)  Includes  ! 

- program  control 

- core  management 

- program  control  sub-routines 

- I/O  routines. 

The  application  modules  are  In  charge  of  the  composition  and  management  of  mes- 
sage presented  to  controllers  on  EDO's,  TID’s  and  SDD’s.They  are  also  responsible 
for  controller/oomputer  dialogue  via  the  normal  Input  device  (TID,  KYB,  DCP,  RIB 
and  printers). 

The  function  of  display  refreshing  Is  a computer  function. 

3,6,J,  Data  banka 

The  data  banks  of  the  Main  Computer  Complex  constitute  In  fact  the  system  data 
base. 

- The  static  data  bank  consists  of  a number  of  stores  defining  the  environment  of 
the  uystem  (sector  boundaries.  Airports,  Reporting  points,  standard  routes,  air- 
craft characteristics).  It  is  stored  on  discs  and  requires  about  A50  K Bytes. 

- The  Dynamic  Data  Deutk  contains  the  data  describing  the  Instantaneous  Image  of  the 
system.  These  data  are  in  a number  of  different  stores  of  fixed  size.  The 
principle  stores  are  : - flight  segment  store 

- plan  flight  store 

- track  flight  store 

- route  segment  store 

The  dynamic  data  bank  of  MADAP  has  at  present  a size  of  200  K Byte.  It  is  core 
resident. 

- The  Reconfiguration  stores  contain  the  data  necessary  for  reconfiguration  and 
restart  action.  The  most  Important  stores,  which  are  kept  on  discs  are  : 

- the  extended  flight  store 

- the  minlnxim  restart  table 

- the  aystem  configuration  table 

- The  extended  flight  store 

Upon  entry  of  a flight  plan  In  the  system,  the  data  Is  checked  for  correctness 
and  a record  called  record  A Is  created  for  this  flight.  This  record  contains 
therefore  practically  unprocessed  data.  This  Is  then  processed  by  several 
modi’es  In  order  to  extract  route  data  and  break  the  flight  data  Into  flight 
segment,  route  segment  etc...  to  prepare  Insertion  Into  the  various  stores 
of  the  Dynamic  Data  Bank. 
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The  result  of  the  prooesslng  la  record  3,  which,  together  with  record  A 
are  stored  on  disc  until  the  fllfiht  Is  a-tlvated.  At  activation  time, 
record  B Is  Inserted  Into  the  Dynamic  Data  Bank  and  whenever  Its  content 
is  completed  and  updated,  the  same  modifications  are  made  to  the  2F3  on 
disk. 

The  extended  flight  store  contains  therefore  two  types  of  Information  to 
allow  system  restart. 

Normally  record  B will  be  used  as  It  contains  the  most  up-to-date  informa- 
tion. This  will  be  a "normal  restart".  In  certain  cases.  It  Is  however 
necessary  to  restart  from  "safer"  data  and  then,  record  A Is  used.  This 
will  be  an  "Elementary  System  Restart". 

The  Minimum  restart  tables  contain  tables  suoh  as  : 

- call  signs 

- display  settings 

- code  allocation 

- MET  data 

- Time  update  message  store 


- The  System  configuration  table  contains  all  necessary  data  concerning 
system  status  for  HTSX,  application  and  system  programs. 

- The  Peripheral  Computer  data  banka 

As  already  -oentloned,  display  refreshing  Is  a computer  function, 

- The  Picture  Repetition  Store  which  Is  an  extension  of  the  PC  store  contains 
all  Information  sent  to  the  display  units. 

It  has  two  roles  : - Data  filing  to  facilitate  the  storage  and  retrieval  of 
any  Information  displayed. 

- Refreshment  memory  to  display  data  at  a rate  of  20  times 
per  second. 

The  PRS  Is  divided  In  two  parts  : ETCs  and  SDDs,  Each  part  Is  divided  In 
blocks  allocated  to  a specified  screen. 

- The  Display  Control  Store  allows  correct  management  of  the  PRS  (space  manage- 
ment, retrieval,  updating). 

3.6.4.  Start  - restart  problems 

IWOAP  has  basically  three  types  of  start  and  restart  i the  System  Start 

the  System  Re-start 

the  System  Elementary  restart. 

The  System  Start  uses  no  dynamic  data  and  requires  that  the  complete  hardware 
configuration  Is  specified.  It  must  not  be  considered  as  a normal  procedure  for 
restoring  service  after  a system  break-down. 

The  System  Re-start  Is  the  normal  procedure  after  a hardware  or  software  failure. 

Its  activation  can  be  automatic  or  manual.  During  a system  restart,  the  complete 
data  base  Is  rebuilt  In  core,  from  the  information  stored  on  disc  at  the  time  of 
failure.  The  EF3  records  l.e.  the  flight  plans  are  all  reprocessed.  All  programs 
Including  the  supervisor  are  reloaded.  A typical  time  for  restarting  the  system 
Is  30-^0  seconds,  this  time  being  measured  from  the  automatic  detection  of  an 
error  until  the  first  radar  plots  are  visible  to  the  controller. 

System  Elementary  Restart  t In  case  of  Incompatibility  of  the  data  recorded  on 
disc  to  be  used  for  a system  restart,  an  elementary  restart  Is  made.  In  this 
case,  the  hardware  configuration  needs  to  be  specified  as  In  a system  start. 

Only  the  code-oall  sign  correspondance  is  used  from  the  minimum  restart  tables 
and  the  EPS  contents  are  checked  for  validity.  Erroneous  records  are  discarded 
for  further  processing. 

3.7.  Implementation  problems. 

MADAP  was  Initially  conceived  as  a complete  system  capable  of  providing  Air  Traffic 
Control  over  BENEUIX  and  Oermany.  It  later  cn  appeared  that  It  was  necessary  to  organize 
Air  Traffic  Control  In  this  area  on  a different  basis  and  the  zone  of  responsibility  of 
MADAP  was  limited  to  BEHEUIX  and  Northern  Oermany. 


This  together  with  the  necessity  to  transfer  responslbillt.es  Into  Maastricht  on  n 
progressive  basis  has  led  to  a phased  Implementation  as  far  as  geographical  extension 
Is  concerned,  the  sequence  being  the  following  : 

- Belgium  Upper  Airspace  as  from  1st  October  1973 

- Northern  Germany  Civil  Upper  Airspace  as  from  1st  April  197^ 

- Northern  Germany  OAT  - 1st  October  1975 
followed  by  the  Upper  Airspace  above  Netherlands. 

On  the  other  hand.  It  has  been  found  necessary  also  to  Introduce  operational  functions 
on  a progressive  basis.  The  Implementation  of  new  software  packages  do  not  necessarily 
coincide  with  geographical  extension.  The  evolution  Is  In  the  direction  of  enhanced 
reliability  and  flexibility  as  well  as  Increased  use  of  dynamic  flight  data  displayed 
on  EDD's  for  planning  and  coordination  purpose  and  of  Introduction  of  automatic  exchajige 
of  data  with  adjacent  centres. 

The  size  of  the  hardware  and  of  the  software  (several  hundred  thousand  Instructions) 
gives  an  Indication  of  the  complexity  of  such  a system.  Several  hundred  man-yeers  of 
effort  have  been  spent  since  I968  to  achieve  the  present  result. 

The  Implementation  of  MADAP  has  required  that  solutions  be  found  for  a variety  of  problems 
such  as  !-  System  architecture  using  a maximum  of  standard  equipment 

- Choice  of  adequate  hardware  and  system  software 

- Proper  definition  of  operational  functions 

- Programs  detailed  functional  specifications 

- Organisation  of  software  production 

- Software  Integration  and  testing 

- Operational  evaluation 

- Introduction  into  operation 

- Maintenance  of  hard-  and  software 

- Introduction  of  hardware  and  software  modifications. 

The  KARIOAP  System. 

^.1.  Evolution  from  MADAP. 

When  deslpilng  the  KAfULDAP  System  due  account  was  taken  of  the  MADAP  experience. 

Although  MADAP  was  not  operational  yet  at  the  Initial  design  stage  of  KAJILDAP,  It  was 
pretty  obvious  that  In  view  of  the  jperatlonal  target  date  for  the  Karlsruhe  Centre, 
only  rather  limited  variations  to  M/vDAP  could  be  considered. 

Those  variations  are  mainly  In  the  1 allowing  fields  : 

- Method  of  Inputting  radar  data 

- Architecture  of  the  display  system  with  Its  consequences  on  the  peripheral  computer 
complex 

- Technical  solution  for  a Radar  Emergency  Processor 

- Project  Execution. 

ether  differences  have  been  also  introduced  due  to  several  factors  such  as  variations 
In  the  operational  requirements  or  necessity  to  phase  the  system  Implementation.  This 
has  had  an  Influence  mainly  on  the  approach  to  software  production. 

- Method  of  Inputting  radar  data. 

KARLDAP,  like  MADAP  allows  for  two  possible  routings  of  radar  data.  At  the  radar  line 
demodulator  output,  radar  data  Is  fed  both  to  the  normal  state  system  and  to  the  radar 
emergency  processor.  In  MADAP,  radar  data  is  fed  Into  the  IC  through  the  Submultiplexer 
specially  developped  which  was  also  supposed  Initially  to  handle  Input/Output  for  data 
links  with  adjacent  centres.  The  later  function  Is  now  one  of  a front-end  processor 
for  both  MADAP  and  KARLDAP,  emd  the  radar  data.  In  KARIDAP  Is  fed  Into  the  system  via 
the  Peripheral  Computer  Complex  were  standard  hardware/so ftv;aro  can  be  used. 

- Architecture  of  the  Display  system. 

It  was  decided  to  Implement  KARLDAP  with  an  Improved  display  system  allowing  better 
working  conditions  (accuracy,  readability,  ambiant  lighting  conditions). 

This  led  to  a requirement  for  high  picture  refreshing  rate  (50  Hz)  which  together  with 
considerations  linked  to  display  load  capability  resulted  In  a decentralized  concept 
for  the  display  system  whereby  each  Synthetic  Data  Display  has  its  own  character 
generator  and  picture  repetition  store. 

For  EDDs,  however,  the  centralized  version  was  maintained.  Tils  approach  which  allows 
to  see  each  SDD  as  an  Individual  peripheral  permits  a more  flexible  organization  of  the 
Peripheral  Computer  Complex  whereby  the  processing  load,  already  reduced  compared  with 
MADAP  can  be  better  shared  between  processors . This  results  In  a reduced  number  of 
processors. 
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- Technical  solution  for  a Radar  Emergeney  processor 

In  KARIDAP  terminology,  the  subsystem  used  for  maintaining  radar  labelled  display  In 
case  of  central  computer  complex  failure  Is  knovm  as  the  radar  by-pass.  This  Is  a 
completely  Independant  subsystem  which  can  feed  directly  the  display  system.  Rather 
than  using  a general  purpose  computer  (as  done  In  MADAP)  It  was  found  preferable  to 
make  use  of  a specialized  processor  which  allows  a form  of  tracking  euid  multi  radar 
mosaic  display.  This  processor  la  In  fact.  In  the  first  phass  of  operation  of  KARLDAP 
responsible  for  the  radar  data  processing  functions. 

- Project  execution 

In  view  of  the  experience  acquired  with  the  MADAP  system,  EUROCONTROL  has  decided  to 
assume  direct  overall  responsibility  for  the  Implementation  of  the  KARLDAP  system. 

After  the  preparation  of  the  general  configuration  of  this  system,  the  sub-systems 
were  studied  In  depth  and  the  equipment  was  chosen  accordingly.  Furthermore  - and 
this  Is  a factor  of  major  Importance  In  the  use  of  MADAP  "know-how"  - Eurocontrol 
has  assumed  overall  responsibility  for  the  production  and  Integration  of  the  software. 

From  a more  general  point  of  view,  the  need  to  transfer  the  experience  acquired  progres- 
sively from  one  data  processing  system  to  another  led  EUROCONTROL  to  set  up  PADE 
(Programming  and  Analysis  Division  EUROCONTROL)  which  Is  attached  to  Its  Experimental 
Centre  at  Br^tlgny,  France.  It  1s  this  Division  which,  vls-a-vls  the  General  Director- 
ate of  the  Agency,  1s  acting  as  the  supplier  of  the  software  for  KJIRLDAP. 

The  System  hardware  Is  being  supplied  through  contracts  with  various  firms. 

A. 2.  Stages  of  Implementation. 

As  Is  custom£iry  when  Initial  projects  are  adapted  to  suit  the  realities  of  a situation, 
the  Agency  has  decided  to  employ  several  stages  In  the  Implementation  of  the  KARLDAP 
project,  the  first  two  of  these  being  known  as  KARLDAP  I and  KARIDAP  II. 

In  1 act,  where  KARLDAP  I Is  concerned,  the  scheduled  date  for  the  start  of  operational 
service  (late  1975  early  1976)  has  dictated  the  adoption  of  an  Intermediate  stage 
called  KARLDAP  A. 

These  various  stages  differ  from  each  other  chiefly  In  the  degree  of  complexity  of  the 
functions  performed.  One  of  the  guiding  principles  In  the  design  of  the  KARLDAP  system 
as  a whole  was  that  the  configuration  and  capacity  of  the  equipment  should  be  such  as  to 
facilitate  the  smooth  transition  from  one  stage  to  another  where  both  the  hardware  and 
the  software  were  concerned. 

Obviously  at  the  present  Juncture  the  three  stages  referred  to  above  have  not  been  defined 
with  the  same  degree  of  detail.  KARLDAP  I Is  scheduled  for  1978  and  KARLDAP  II  has  no 
fixed  date  for  entry  Into  service.  The  present  paper  therefore  deals  only  .'Ith  the 
KARLDAP  I stage  and  Its  preliminary  phase,  K.ARLDAP  A. 

The  basic  parameters  determining  the  size  of  the  KARLDAP  system  are  as  follows  : 

- up  to  yX)  active  flight  plans  In  the  system 

- up  to  250  simultaneous  radar  tracks 

- ability  to  drive  up  to  60  Synthetic  Data  Displays  (SDDs)  and  90  Electronic  Data 
Displays  (HDDs). 

A. 2.1.  KARLDAP  I - Functions 


The  main  functions  of  KARLDAP  I are  : 

- Reception  and  processing  of  radar  Information  transmitted  In  digital  form  from 
a number  of  radar  stations, 

- Reception  and  processing  of  ATS  data  messages  from  adjacent  ATC  units  or  mes- 
sages taken  from  a data  bank, 

- Direct  exchange  of  digital  data  with  adjacent  control  centres, 

- Correlation  of  flight  plan  and  radar  data  and  updating  of  flight  plan  data 
from  the  redar  data, 

- Storage  and  processing  of  data  for  preS‘(ntatlon  In  various  forms  (strip  print- 
out and  display  on  screen)  and  distribution  of  data  to  the  different  working 
positions,  as  appropriate, 

- Direct  comnunloatlon  between  controllers  and  the  data  processing  system  by 
means  of  manual  input  devices, 

- Recording  of  data  for  statistical,  legal  or  reconfiguration  pxnjposes, 

- "Off-line"  operation  for  program  development  and  staff  training  purposes. 
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4.2.2.  KARLDAP  A 


As  aXrisrdy  mentioned,  a preliminary  atage  for  KARIXiAP  I hu  had  to  be  planned. 

The  KARUiAP  A system  differs  from  KARLDAP  I In  the  following  respects  i 

(I)  radar  data  proceaalng  Is  carried  out  by  a processing  system  which  Is 
separate  from  the  computer  complex. 

(II)  there  Is  no  updating  of  flight  data  by  means  of  radar  data,  the  radar 
data/fllght  plan  correlation  being  limited  to  associating  the  oall-olgn 
with  the  SSH  codes. 

(III)  the  display  system  Is  limited  to  SDDs. 

(Iv)  flight  data  are  displayed  by  means  of  printed  flight  progress  strips. 

(v)  automatic  data  Input  la  limited  to  Information  received  via  the  AFTO  and 
MbT  Information. 

The  hardware  components  used  In  the  KARLDAP  A and  KARLDAP  I systems,  and  the 
functions  which  they  perform,  are  shown  schematically. 

4. 3.  System  Structure 

Similarly  to  MADAP,  KARLCMP  consists  of  three  parts,  viz.  : 

- the  Data  Communication  arid  Terminal  System  (DOTS) 

- the  Central  Computer  Complex 

- the  Operator  Display  System  (ODS). 

Reliability  la  guaranteed  by  the  provision  made  for  system  reconfiguration. 

With  regard  to  the  computers,  100^  redundancy  Is  provided,  and  switching  devices  for 
switching  the  standard  peripherals  and  the  display  units  and  special  Input/output 
units  (ODS),  are  Installed.  These  switching  devices  are  controlled  either  by  the 
software  or  manually. 

Despite  this  redundancy  and  the  feasibility  (demonstrated  by  MADAP)  of  software  capable 
of  bringing  about  system  reconfiguration  In  the  shortest  possible  time.  It  has  been  felt 
necessary  to  provide  a standby  unit  separate  from  the  computer  complex.  This  unit  ensures 
that  the  radar  data  continues  to  be  displayed  In  the  event  of  a breakdown  of  the  computer 
complex;  It  Is  referred  to  as  the  "Radar  By-pass"  and  can  handle  up  to  four  radar  stations 
slmulteineously  using  a "mosaic"  display. 

In  the  Initial  operational  phase  of  the  system  the  Radar  By-pass  acts  as  the  radar  data 
processing  unit. 

4.3.1.  Data  Communication  and  Terminal  System. 

This  system  will  ensure  the  exchange  of  digital  data  between  external  bodies  and 
the  central  computer  complex.  It  forms  part  of  the  KARLDAP  I system  and  Is  now 
In  the  definition  stage.  In  function  and  organisation  It  Is  Identical  with  the 
system  being  Installed  for  MADAP. 

As  far  as  KAR.'DAP  A Is  concerned,  only  limited  functions  are  envisaged;  these  will 
be  performed  directly  by  the  Computer  Complex. 

4.3.2.  The  Central  Computer  Complex. 

The  functions  associated  with  automatic  processing  were.  In  the  case  of  MADAP, 
classified  under  the  two  following  headings  : 

(a)  General  functions  of  the  system,  e.g.  : 

- Miltlradar  tracking 

- Flight  plan  data  processing 

- Correlation  of  radar  data/flight  plan  data,  giving  a general  picture  of  the 
airspace  situation  In  the  area  In  question. 

(b)  Specific  functions  in  conjunction  with  action  taken  at  the  working  positions, e.g.: 

- Filtering  of  data  for  display  purposes 

- Interpretation  of  controllers 'input  orders 

- Updating  and  renewal  of  dlspleiyed  data. 
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This  produced  a two-tiered  structure  for  the  computer  complex,  namely  a main 
computer  complex  and  a peripheral  computer  complex. 

Virtually  the  same  idea  Is  being  used  again  for  KARLDAP,  apeirt  from  a few  differ- 
ences due  either  to  Improvements  resulting  from  the  experience  gained  with  MADAP 
or  to  technological  advances.  The  Central  Computer  Complex  therefore  consists  of 
a main  computer  complex  carrying  out  general  functions,  and  a peripheral  cojiiputer 
complex  which  performs  functions  specific  to  the  working  positions. 

tlaln  Computer  Complex 

The  main  computer  complex  comprises  two  IBM  570/158  computers,  one  of  which  Is 
used  for  normal  system  operation,  while  the  other  acts  as  a standby  unit  ready 
to  come  Into  Immediate  operation  In  the  event  of  a failure  of  the  first  computer. 
The  structure  of  the  computer  complex  and  the  connection  to  the  peripheral 
computers  have  been  designed  so  that  a third  computer  can  be  added  without  diffi- 
culty if  this  becomes  necessary  for  reasons  connected  with  program  development  and 
system  reliability. 

Each  computer  Is  supplied  In  the  following  configuration  : 

- a central  store  of  1,02A  K bytes 

- a byte  multiplexer  channel 

- four  block  multiplexer  channels. 

The  secondary  external  stores  consist  of  the  following  : 

- six  IBM  5555  discs  In  three  pairs,  each  pair  being  cor.necteu  to  one  of  three 
IH-1  585c  disc  control  units 

- six  IBM  5^20  tape  units  in  groups  of  three,  each  group  being  connected  to  one 
of  two  5805  disc  control  units. 

The  connection  to  the  other  components  of  the  system  (l.e.  peripheral  computer 
complex  and  the  DCTS)  is  made  by  means  of  four  2701  adapters. 

All  the  devices  Incorporate  a double  access  for  switching  from  one  computer  to 
the  other  under  the  control  of  a program. 

Two  high-speed  printers  ard  two  card  punch/readers  are  also  provided. 

A switching  system  comprising  a set  of  eight  switching  units,  each  of  which 
consists  of  a matrix  for  connecting  four  central  unit  channels  to  four  peripheral 
control  units,  makes  it  possible  to  obtain  a wide  variety  of  onflguratlons,  thus 
contributing  to  great  operating  flexibility  and  optimum  aval  jlllty.  These 
switching  units  can  be  controlled  either  manually  or  by  meai..  of  remote  control. 

Peripheral  Computer  Complex 

The  peripheral  computer  complex  performs  the  following  functions  : 

- Pre-processing  of  radar  data. 

- Routing  of  radar  data  to  the  main  computer  complex. 

- Routing  and  formatting  of  messages  originating  in  the  main  computer  complex  for 
display  on  the  SDDs  or  tabu  lair  EDDs. 

- Conversion  of  radar  data  for  display  on  SDDs. 

- Processing  of  manual  input  orders  from  the  working  positions. 

The  complex  consists  of  a total  of  four  identical  TR  86  computers  supplied  by 
AEG/Telefunken,  two  of  which  are  necessary  for  the  operation  of  the  system.  The 
remaining  two  are  Intended  In  the  first  Instance  for  standby  operation  In  the 
event  of  failure  of  either  or  the  first  two  computers,  and  secondly,  to  enable 
comprehensive  program  development  and  testing  facilities  to  operate  Indepaidently. 
Pi’ovlslon  has  been  made  for  the  complex  to  be  expanded  to  a total  of  6 peripheral 
computers,  while  the  manner  In  which  the  complex  Is  organized  Is  such  that  the 
computers  are  completely  Interchangeable  from  the  functional  viewpoint.  This 
meikes  for  great  flexibility  In  operation  and  Increases  computer  availability. 

The  necessary  connections  are  available  to  enable  each  computer  to  handle  data 
appertaining  to  all  radar  stations  and  all  working  positions.  During  normal 
operation  the  load  will  be  distributed  equally. 
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Eaoh  computer  la  aupplled  In  the  following  configuration  : 

- Central  unit 

- Store  of  48k  worda  each  of  24  blta 

- An  axtenalon  atorage  unit  of  16K  worda  for  refreahlng  the  tabular  dlaplaya. 

The  peripheral  equipment  oonalats  of  the  following  ; 

- 2 dlao  unite 

- 2 hl^-apeed  prlntera 

- 4 magnetic  tape  unite 

- Interfaoea  with  the  operr.tor/machlne  exchange  and  display  system 

- Tape  readers  and  punches 

- One  punched  card  reader. 

Radar  data  link  aplltter 

The  radar  data  link  splitter  (DIS)  enables  data  to  be  routed  to  the  peripheral 
computer  complex  and  the  Independent  radar  processing  system.  The  data  Is  sent 
in  serial  form.  This  unit  Is  of  modular  construction  and  can  be  extended  to 
accommodate  up  to  24  separate  radau:  data  transmission  lines  enabling  a total  of 
6 radar  stations  (primary/secondary)  to  be  handled. 

The  Independent  Radar  Processing  System 

The  Independent  MP  720  radar  processing  system  Is  an  Improved  version  of  equipment 
already  developed  for  the  Agency  by  T-VT  (Thomson'^SF)  for  use  In  the  Initial 
Maastricht  system  (MINFAP)  and  for  the  SHANDAP  radar  data  processing  system. 

The  system  planned  for  KARLQAP  can  provide  a composite  picture  from  four  radar 
stations  selected  out  of  a possible  six  stations.  Furthermore,  it  does  not 
perform  the  picture  renewal  function. 

The  MP  720  can  undertake  the  following  s 

- Secondary  radar  tracking 

- Primary  radar  plot  processing 

- Radar  track/flight  plan  correlation  of  the  code/call-slgn  by  automatic  input 
from  the  computer  complex,  or  by  manual  Input 

- Transmission  of  track,  plot,  and  video  map  data  to  the  display  system. 

The  system  Is  duplicated  and  the  two  MP  720s  operate  In  parallel,  the  Information 
from  one  of  them  being  used  for  display  purposes. 

Testing  facility 

With  a system  of  such  complexity,  an  important  aspect  Is  the  need  for  Impro/ements 
and  developments  aftc  r>  the  Initial  operational  version  has  been  brought  Into 
service. 

Before  the  commissioning  of  the  future  operational  system,  the  final  phase  of 
acceptance  demands  for  practical  purposes  that  a complete  system  which  Is  repre- 
sentative of  actual  operation,  but  does  not  Interfere  with  the  current  operational 
system  from  the  performance  or  reliability  viewpoints,  should  be  available. 

Consequently,  the  means  for  completely  Isolating  such  a system  (consisting  of 
Wain  Computer,  Peripheral  Computer  and  Input/output  displays)  from  the  operational 
system  have  been  Incorporated.  The  appropriate  hardware  has  already  been  ordered 
as  far  as  the  peripheral  computers  and  the  displays  are  concerned. 

In  the  case  of  the  main  computer,  provision  has  been  made  for  a third  computer 
and  Its  peripherals  to  be  added  without  difficulty. 

4.3.3.  Operator  Display  System  (OPS) 

Composition 

The  system  Is  made  up  of  the  following  sub-systems  : 

- synthetic  dynamic  data  displays  (SIDs) 

- electronic  data  displays  with  touch  Input  devices  (EDDs  + TIDs) 

- tabular  display  stations  with  input  keyboards 

- page  printers 

- flight  progress  strip  printers 
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4.4.  KARLDAP  Software 

4.4.1.  Method  of  development 

As  already  stated,  the  KARLDAP  system  makes  the  maximum  use  of  what  has  been 
achieved  in  connection  with  the  MADAP  project.  However  the  operational  charac- 
teristics of  the  two  systems  are  somewhat  different,  emd  the  requirements  of  the 
time  schedule  have  precluded  the  possibility  of  a straightforward  transfer  of 
software.  Moreover,  the  hardware  configuration  shows  a number  of  Improvements 
over  that  employed  for  MADAP. 

The  EUROCONTROL  Programming  and  Analysis  Division  Is  responsible  for  the  produc- 
tion and  Integration  of  the  KARLDAP  A and  KARLDAP  I software.  For  this  purpose 
It  has  a program  testing  facility  at  Bretlgny  which  consists  of  the  following  : 

- An  IBM  360/50  computer  (which  Is  compatible  with  the  IBM  370/158) 

- A TR  86  peripheral  computer  which  Is  on  temporary  loan  from  the  KARLDAP  system 

- A data  display  and  Input/output  unit  of  each  of  the  types  used  In  KARLDAP. 


Pinal  prograime  Integration  will  be  carried  cut  at  the  Karlsruhe  Centre. 


4.4.2.  Development  of  KARIDAP  A 

In  order  to  speed  up  the  development  of  the  system  the  following  choices  have 
been  made  : 

(I)  -the  monitor  for  the  main  computer  will  be  the  Customer  Information  Control 

System,  (CICS), 

(II)  -the  software  language  will  be  Pl/1, 

(III) -the  modules  used  with  the  TR  86  will  be  modules  which  have  already  been 

developed  cither  for  MADAP  or  for  other  systems. 

4.4.3.  Development  of  KJUILDAP  I 

The  time-table  for  implementing  KARLDAP  I allows  MADAP  developments  to  be  used 
to  the  full,  particularly  where  supervisors, reconfiguration  procedures  and  multl- 
radeir  tracking  are  concerned. 

Consequently,  the  work  of  the  Programming  and  Analysis  Division  Is  mainly  concerned 
with  the  appllca’ion  software,  since  the  RT3X  (Real  Time  Executive)  supervisor  and 
special  executive  modules  (discs,  interfaces,  etc...)  have  been  adapted  directly 
from  MADAP  - the  -ffaX  for  the  IBM  370/1 58s,  and  MARTOS  (MADAP  Real  Time  Operating 
System)  for  the  TR  86  computers. 

4.5.  KARLDAP  Implementation 

The  KJ)RLSRUHF.  UAC  Is  scheduled  to  come  Into  service  with  the  KARLDAP  A systern  at  the 
beglnlng  of  1975.  In  order  to  facilitate  software  integration  and  the  operational 
assessment  of  the  system,  the  entire  hardware  required  for  KJUILDAP  A Is  scheduled  for 
Installation  and  connection  by  late  197^*,  beglnlng  1975.  The  hardware  required  for 
KARLDAP  I will  also  be  available  In  1975;  however,  the  Increased  complexity  of  the 
system  precludes  the  likelihood  of  this  phase  becoming  operational  before  1978. 
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5.  The  SHAN DAP  System 

5.1.  SHANDAP  phases 

SHANDAP  (Shannon  Automatic  Data  Processing  and  Display  System)  Is  a new  A-lr  T raffle 
Control  system  which  the  EUROCONTROL  Agency  Is  setting  up  In  Ireland  for  the  Upper 
Airspace  Centre  at  Shannon. 

Already  In  1965»  the  Increase  of  traffic  In  the  area  had  led  to  a requirement  for 
secondary  radar  coverage  In  order  to  supplement  the  conventional  procedural  based 
ATC  - system. 

Here,  contrary  to  the  classical  approach  whereby  flight  plan  processing  Is  Introduced 
first  If  not  simultaneously  with  radar  data  processing.  It  was  felt  necessary,  due  to 
the  characteristics  of  air  traffic  In  the  area  to  Implement  first  a radar  data  proces- 
sing system  to  be  followed  latter  on  by  a flight  plan  processing  system.  These  are  the 
two  phases  for  the  SHANDAP  System  : 

SHANDAP  I,  the  main  component  of  which  Is  the  RDPS  (Radar  Data  Processing  System) 

SHANDAP  II,  which  Incorporates  the  FDPS  (Flight  Data  Processing  System). 

The  first  phase,  for  which  the  equipment  is  functionnlng  on  site  on  a evaluation  basis 
should  be  introduced  Into  operation  in  early  1975.  H Is  designed  essentially  to  provide 
the  executive  radar  controller  of  the  UAC  Shannon  with  a labelled  radar  picture  containing 
position  and  Identity  Information. 

The  planned  date  for  Introduction  Into  operational  service  of  the  second  phase,  SHANDAP  II 
Is  early  1978.  It  will  automate  the  processing  and  display  of  flight  plan  data.  In  a 
system  where  the  FDPS  and  the  RDPS  are  Interfaced.  It  Is  extensible  to  meet  the  whole 
of  Irish  airspace  requirements. 

5.2.  The  Radar  Data  Processing  System  ; SHANDAP  I 

The  RDPS  of  SHANDAP  I receives  aircraft  position  and  code  Information  from  a remote 
secondary  radar  station.  A plan  position  labelled  display  Is  generated  on  Synthetic 
Data  Displays  as  well  as  reduced  plan  Information  on  Electronic  Data  Displays. 

The  equipment  comprises  two  main  parts  : - the  radar  subsystem 

- the  tabular  display  subsystem. 

Both  subsystems  are  duplicated  and  are  Independeuit  from  a reliability  point  of  view. 
Operators  communicate  with  the  system  essentially  with  two  operational  messages  : 

- the  Current  Message  (CM)  which  describes  for  one  flight  the  basic  flight  plan  data. 

This  message  will  be  on  one  hand  displayed  to  the  relevant  controller  and  on  the 
other  hand  used  to  establish  code/call  sign  correspondence. 

- The  Modification  Message  (NW)  Is  a proposal  to  correct  the  Current  Message. 

Furthermore  the  code/call  si^  correspondance  Is  to  be  Inserted  manually. 


5.2.1.  The  Radar  Sub-system. 

The  radar  information  Is  received  from  the  radar  site  through  a broad-band 
microwave  link  over  a distance  of  about  10  miles.  Radar  extraction  Is  performed 
in  the  centre  by  the  radar  video  extractor  (EV  720).  It  is  a hard-wired  equipment 
and  outputs  digital  plot  messages. 


The  digital  plot  messages  are  then  fed  Into  a plot  processor  (MP  720)  which  may  be 
considered  as  a flexible  "fixed  programme"  special  purpose  computer.  This  equip- 
ment establishes  tracks  from  plots.  Once  a track  Is  Initiated,  the  future  extra- 
polated position  is  computed  and  compared  with  the  actual  next  radar  position. 
Three  windows  of  Increasing  size  are  centered  on  the  extrapolated  position.  The 
size  of  the  window  In  which  the  next  radcu'  position  falls  Is  used  as  a quality 
factor  to  compute  a smoothed  track  position. 


) 


i 


The  plot  processor  contains  a data  selector  which  constitutes  the  Interface  with 
the  radar  displays  on  one  liand,  and  with  the  tabular  part  on  the  other  hand. 
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It  Is  through  this  data  selector  that  the  oode/call  sign  oorrespondanoe  Is 
Inserted  and  processed  In  order  to  deliver  the  Sy  ithetlc  Data  Display,  with 
respect  to  the  aircraft  In  the  system.  Its  position,  call-sign  and  flight 
level  (mode  C). 

The  radar  display  equipment  comprises  4 executive  controller  positions  each 
with  their  synthetic  character  and  symbol  generator. 

5.2.2,  The  Tabular  Subsystem. 

The  tabular  subsystem  contains  Electronic  Designation  and  Input  devices  (EDID) 

In  the  form  of  tabular  displays  and  keyboards  driven  by  a multl-8  (ftl)  computer 
system  (mini-computer  manufactured  by  Telemeoanlque) . 

'ilie  tabular  subsystem  Is  used  basically  for  three  purposes  : 

- Insertion  of  code/ call  sign  oorrespondanoe  for  track  to  call  sign  correlation 
to  be  executed  In  the  plot  processor. 

- Dispatching  of  reduced  flight  plan  data  Information  to  the  relevant  executive 
controllers. 

- Management  of  the  radar  display  label  positioning. 

5.3.  The  Flight  Data  Processing  System  : SHANDAP  II. 

5.3.1.  Function 

The  Shanclap  II  system  Is  to  Implement  the  following  additional  functions,  for 
a capacity  of  200  active  flight  plans. 

- Input  of  flight  data 

Ihe  flight  plan  messages,  routed  via  the  Aeronautical  Fixed  Telecommunication 
Network  (AFTN)  or  later  via  computer- to-compu ter  links,  will  be  Inserted  Into 
the  system  at  a flight  data  suite  (KDS)  under  computer  assistance. 

F'cr  recurring,  regularly  operating  flights.  Stored  Flight  Plans  (SFPs)  will 
be  used.  Flight  activation  will  occur  on  the  basis  of  an  activation  message  by 
either  manually  or  automatically  Input, 

- Processing  and  management  of  flight  data 
This  Includes  : 

, route  reco©iltlon 

. calculation  of  ETA  and  updating  from  the  radar  Information 
. SSH  code  management. 

- Printing  of  strips 

Provisions  are  made  for  extending  the  strip  printing  functions  to  Shannon  and 
Uiblln  ACCs. 

- In  conjunction  with  RDPS 

. flight  plan  track  correlation 

. automatic  elaboration  eind  transmission  of  the  Current  Message  (CM)  to  the 
RDPS,  thus  allowing  automatic  code/call  sign  association 
. handling  of  Modification  Messages  (MM) 

. transmission  to  RDPS  of  updated  ETAs,  through  the  Modification  Message  (MM). 

5.3.2.  SHANUAP  II  Hardware 

The  SHANDAP  II  system  Is  organised  around  a central  computing  complex  which 
performs  the  general  system  functions  as  well  as  the  Interfacing  with  ground- 
ground  data  links,  flight  data  Input  positions,  flight  data  display  and  input 
subsystem  and  radar  data  processing  system. 

- Computing  Complex 

The  computing  complex  comprises  two  Identical  chains,  one  being  the  operational 
chain  and  th“  second  one  the  standby  chain. 

Each  chain  comprises  : 

- an  Iris  55  computer  (.manufactured  by  CII)  with  a memory  capacity  of  256 
KBytes, 

- a control  typewriter 


- one  disc  control  unit  driving  2 disc  units  MD  50-  A disc  unit  has  a 
capacity  of  50  M bytes. 

- one  tape  control  unit  driving  2 magnetic  tape  units  72  5J>0 

- a high-speed  printer 

- a card  reader. 

The  IRIS  55  Is  member  of  an  upward  compatible  family  (until  102*4  K Bytes) 


- Operational  Peripherals  : 

The  operational  peripherals  comprise  the  displays,  keyboards  and  strip  - 
printing  units.  These  devices  can  be  driven  by  a common  control  unit 
(T-VT  6000  microprocessor).  In  the  Initial  configuration,  two  micro- 
processors share  the  task  of  driving  a total  of  six  printers  and  7 display/ 
keyboards. 

The  strip  printers  arc  special  purpose  equipment  (SODERN)  of  the  same  type 
developed  for  Karldap.  They  are  connected  to  the  IRIS  55  through  the  control 
unit  (T-'/T  bOOC). 

- Interface  equipment 

The  Interface  with  the  AFTll  network  and  with  HOPS  is  ensured  by  standard 
CIl  devices. 

5.5.5.  SHANDAP  II  Software 


- System  Software 

The  system  software  Includes 


The  Real  Time  Monitor 
Tlie  ASTRE  Compiler 
Standard  IRIS  software 
System  Support  softwaure 


- The  ASTRE  Compiler 

ASTRE  Is  the  high  level  language  which  the  Agency  has  opted  to  use  for  the 
development  of  SHANCAP  II  programs.  The  ASTRE  compiler  Is  part  of  the 
standard  IRIS  55  software. 

- Standard  IRIS  Software 

The  standard  operating  system  used  for  off-line  operation  is  SIRIS  5- 
The  standard  software  operated  under  SIRIS  5 Includes 

- Assemblers  and  compilers  (ASSIRIS,  Macro  Assembler,  MAOIRIS,  FORTRAN, 
COBOL,  etc...) 

- Programming  and  testing  aids. 

- System  Support  Software 

This  covers  the  ability  to  sinxilate  the  operational  Inputs  and  outputs  of 
the  SHANDAP  II  system  as  well  as  test  programmes  allowing  modules  or  groups 
of  modules  to  be  tested  In  a stand-alone  mode. 

- Application  Software 

The  production  of  the  application  software  Is  the  direct  responsibility  of 
the  EUROCONTROL  Agency, 

The  production  phases  are  rather  conventional  for  such  a project.  At  the 
end  of  the  software  system  design  period,  the  amount  of  application  programs 
to  be  produced  for  the  Initial  version  of  SHANDAP  Is  estimated  to  be  of  the 
order  of  l60  K Bytes  or  about  40.000  object  instructions. 

This  corresponds  to  an  effort  of  the  order  of  40  man  x years  assuming  the 
use  of  ASTRE  as  a high  level  language. 

5.4.  Implementation 

In  order  to  enable  the  Programming  and  Analysis  Division  of  EUROCONTROL  to  develop  the 
programs  required,  a computing  chain  has  been  installed  at  the  EUROCONTROL  Experimental 
Centre,  Br6tlgny-sur-0rge,  France,  at  the  end  of  197^. 

After  program  Integration,  the  final  system  integration  is  to  take  place  at  Shannon, 
with  subsequent  operational  evaluation. 
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1.  HISTORICAL  SUMMAHY 

1.1.  SATCO  1 

The  Netherlands  were  one  of  the  first  Stares  in  the  world  to  start  an  ATC  automation 
program.  Back  in  1956  Hollandse  Signaalapparaten  started  the  development  of  a laboratory 
model  of  a stripprinting  system,  which  it  demonstrated  in  1957.  Then  the  Netherlands  Depart- 
ment of  Civil  Aviation  placed  an  order  for  an  operational  stripprinting  system  for  Amsterdam 
ACC.  At  that  time,  the  main  consideration  of  the  Administration  for  ordering  automation  equip- 
ment wae  not  the  immediate  need  for  suoh  a system  (it  oven  was  not  to  be  expected  that  the  first 
and  simple  stripprinting  system  would  prove  to  bo  of  noticeable  help  to  the  controllers).  The 
overriding  consideration  was  the  conviction  that  the  time  was  approaching  at  which  ATC  automa- 
tion would  become  an  indispensable  tool  to  keep  up  with  the  traffic  growth  and,  secondly,  that 
the  development  and  putting  into  operational  use  of  suoh  syotems  would  be  a difficult  and  there- 
fore lengthy  process.  Also,  it  was  considered  that  the  initiative  of  Dutch  industry  was  a valu- 
able one  and  worth  supporting,  not  only  for  national  air  traffic  control  purposes,  but  for  the 
development  of  ATC  in  general. 

Rather  than  starting  an  experimental  develojiment  project  the  Administration  chose  for  an 
0 .'.“rational  system  as  this  would  bring  it  closer  to  reality  and  lead  to  a basis  for  further 
operational  system  development  faster  than  any  other  ajproaoh.  Of  course,  the  very  first  strip- 
printing  system  did  not  play  a vital  rSle  in  the  total  ATC  system  in  the  sense  that  a system 
break-down  would  make  ATC  impracticable.  Therefore,  the  risk  of  delays  and  mistakes  could  be 
taken.  But  on  the  other  hand  the  pressure  to  make  an  operational  system  was  more  challenging, 
particularly  as  for  such  a pioneer  system  the  entire  world  was  watching. 

The  first  system,  5ATC0  phase  1,  was  delivered  to  the  ACC  in  I960  and  put  into  operational  usa- 
ge early  I96I  • Compared  with  what  wo  know  and  see  to-day,  it  was  a very  simple  system,  but 
it  did  produce  printed  strips.  The  system  contained  many  features  which  were  never  really 
used  operationally,  partly  because  of  the  lack  of  suitable  input  equipment,  partly  because 
of  Amsterdam  ACC  still  b<  ing  on  an  "automation  island".  Among  these  features  were  the  proces- 
sing of  revisions  to  basic  flight  plans  (clearances,  estimates,  position  reports),  even  the 
input  of  radar  positions  (be  it  that  these  had  to  be  inserted  by  means  of  coordinates-inputs 
on  a teleprinter  which,  of  course,  was  not  practicable)  and  the  output  of  boundary  estimates 
for  adjacent  centres. 

Nobody  will  claim  that  3ATC0  1 was  a real  help  for  the  control  staff  in  the  sense  that 
it  created  a decrease  of  the  workload  (maybe  even  the  contrary  was  true)  but  SATCO  1 played 
an  enormously  important  role  in  getting  control  staff  used  to  the  idea  that  a machine  had  a 
potential  to  take  away  certain  burdens  from  them  and,  of  equal  if  not  greater  importance,  it 
taught  system  designers  what  mist.akes  had  been  made  and  what  more  had  to  be  done  to  develop 
a truely  helpful  system. 

1.2.  SATCO  2 

The  development  of  SATCO  2 (again  destined  for  operational  use)  had  already  started  be- 
fore SATCO  1 was  operational.  Though  convinced  that  a further  step  h.ad  to  be  taken,  particu- 
larly to  cope  with  the  "jet  age",  the  Netherlands  Administration  took  -a  risk  in  ordering  phase 
2 as  this  certainly  would  penetrate  into  the  overall  operational  system.  Radar  data  processing 
was  still  in  a stage  of  development  and  not  ready  for  inclusion  into  an  operational  ATC  system. 
Therefore,  SATCO  2 concentrated  on  flight  data  processing.  The  controller' h tool  would  be  a 
computer-driven  flight  progress  board,  the  controller  using  a keyboard  instead  of  his  pencil. 

The  major  feature  of  this  approach  was,  that  - as  the  controller  could  only  update  his  flight 
progress  board  by  using  the  computer  - the  computer  would  "automatically"  be  informed  of  all 
changes  to  the  flight  data,  which  it  could  then  by  program  miles  use  for  the  automatic  updating 
of  data  of  that  flight  displayed,  or  to  be  displayed,  at  other  positions.  In  ether  words,  one 
of  the  major  features  of  SATCO  2 was  the  use  of  the  data  processing  system  for  coordination 
betwee  oontrol  positions. 

A conflict  search  program  (probably  the  first  in  the  world)  was  included,  also  aimed  at  easing 
the  coordination  workload. 

The  operational  computer  program  was  based  on  the  rules  for  procedural  oontrol.  This,  as 
later  showed,  was  the  cause  of  severe  difficulties,  which,  at  one  stage,  made  it  even  doubtful 
whether  SATCO  2 could  ever  be  put  into  operational  use. 

In  1964  the  system,  for  which  the  program  specifications  had  been  frozen  in  1961,  was  instal- 
led at  Amsterdam  and  the  trial  period  started.  But  in  the  meantime,  fundamental  changes  had 
taken  place  at  the  Amsterdam  ACC  as  a result  of  tl  1 increasing  rSle  of  radar  in  the  ATC  system. 

As  in  most  centres,  a mixture  of  procedural  and  radar  oontrol  had  emerged  which  required  a very 
flexible  way  of  applying  the  rules  for  separation  and  coordination.  The  SATCO  2 program  was  not 
built  for  this  method  of  ATC  and  the  trial  pieriod  ended  early  1965  in  a very  discouraging  result! 
SATCO  2 was  no  good  the  way  it  was...... 

Much  happened  in  1965-  Two  parallel  actions  started,  one  aimed  at  using  SATCO  2 equipment 
(particularly  the  duplicated  central  computer  system  with  its  automatic  switchover  facilities 
and  duplicated  mass  memories)  for  an  extended  stripprinting  system  to  replace  SATCO  1.  The  other 


action  was  aimed  at  finding  out  why  SATCO  2 had  failed  and  what  could  be  done  to  remedy.  Both 
actions  wore  suooeeful . In  1966  SATCO  1 was  replaced  by  an  extended  etrlpprinting  eyetem  inclu- 
ding both  ACC  and  APP.  Shadow  trials  also  proved  that  the  - modified-flight  progrees  boards,  its 
use  ba  jed  on  a oonputor  program  adaj  ted  to  the  plan-executive  system,  could  play  a rfile  especi- 
ally for  inter-sector  coordination  and  become  of  real  assistance  to  the  system. 

In  the  meartlme,  a new  ATC  building  was  being  built,  in  which  a centre  had  to  be  housed 
suitable  to  meet  the  requirements  of  the  vastly  increasing  traffic  volume.  A five-sector  system 
was  developed,  based  on  the  use  of  SATCO  2 with  automatic  flight  progres  boards  as  the  operating 
tool  for  the  plan-oortroller.  Radar  controllers  were  provided  with  printed  strips  providing  clea- 
rance data.  Approach  control  and  the  tower  were  equipped  with  printers  and  also  an  output  link 
with  the  military  AT(  centre  was  foreseen.  Control -assistants  were  equipped  with  printers  and 
could,  directly  upon  receipt  by  telephone,  input  boundary  estimates,  while  outgoing  estimate  mes- 
sages were  printed  on  their  printers  for  passing  of  the  information  by  telephone  to  the  adjacent 
centres. 

As  of  consequence,  the  changeover  process  into  the  new  centre  not  only  meant  a physical  re- 
moval but  also  a fundamental  change  of  the  ATC  system  and  its  working  methods.  After  several 
months  of  trials,  shadow  working,  programme  adaption,  etc,  the  new  centre  with  CATCO  2 was  put 
into  operational  use  on  the  evening  of  February  26,  1963. 

SATCO  2 contains  a duplicated  computer-system  with  automatic  switch-over,  independently 
duplicated  drum  mass-memories,  seven  flight  progress  boards  and  48  input-output  printer  channels. 
SATCO  2 serves  the  Amsterdam  ACC,  now  ir eluding  9 sectors  and  a flight  data  section,  Schiphol 
TVfR  and  APP,  Roterdam  TWR/aPP,  and  the  automated  military  ATC  system  PHAROS.  Also,  flight  data 
outputs  are  provided  for  the  Airport  Authority,  airlines,  costum  authorities  and  for  statisti- 
cal purposes. 

2.  THE  K6XT  GIlKb RATION 

. Basic  approach 

At  the  time  the  oparational  use  of  SATCO  2 was  well  established,  mid  1968,  it  was  realized 
that  a start  had  to  be  made  with  the  successor  to  ”ATCO,  which  later  was  given  the  code  name 
SARP.  When  approaching  this  problem  the  sessons  learnt  from  the  past  experience  were  put  to 
pradlce.  Moat  inportant  of  these  are 

- the  design  of  an  ATC  system  requires  a detailed  operational  plan  covering  the  leat  -time  plus 
a certain  period  thereafter,  in  order  to  ensure  that  the  system  - when  ready  to  be  implemen- 
ted - fits  into  the  operational  environment;  such  an  operational  plan  must  contain  a detailed 
specification  of  the  procedures  ;ind  working  method;  statements  of  "what  will  be  don>"  do  not 
suffice,  they  should  specify  "how  it  will  be  done", 

- the  d velopment  of  the  operational  environment  (route  structure,  procedures  etc)  must  be  in 
accordance  with  that  plan;  if  the  necessity  arises  to  deviate,  these  deviations  must  be  veri- 
fied with  the  plan  to  ensure  that  both  reality  and  development  remain  matched, 

- system  designers,  particularly  the  software  staff,  must  work  in  an  integrated  team  with  the 
staff  responsible  for  the  design,  implementation  and  execution  of  ATC  procedures. 

Taking  advantage  of  the  modest  size  of  this  Administration,  system  design  and  development 
responsibility  was  integrated  with  the  procedure  and  executive  responsibility,  thus  ensuring 
to  a maximum  degree  the  mutual  evaluation  of  the  impact  that  a future  system  will  have  on  the 
present  and  the  impact  that  unforeseen  laquirements  of  to-dey  will  hav;  on  that  future  system. 

It  had  been  learnt  (the  hard  way,  but  maybe  the  best  way)  that,  once  a goal  has  been  set, 
one  cannot  unpunishedly  deviate  from  it;  but  neither  can  one  ignore  newly  arisen  requirements 
and  get  away  with  it  in  the  end..  Therefore  the  development  of  an  ATC  system  demands  a constant 
careful  watch  both  of  the  operational  executive  system  ad  well  of  the  one  being  developed. 

The  operational  plan  developed  for  the  seventies  aimed  at  expansion  of  the  terminal  area 
with  the  holding  stacks  located  at  the  TKA  entry  points,  and  the  establishment  - as  far  as 
possible  - ef  uni-directional  routes.  The  data  processing  system  to  serve  WC  was  to  comprise 
radar  data  processing  and  a complete  replacement  of  the  SATCO  system. 

The  overall  plan  resulted  in  a three-phase  apprcachi 

- phase  1 contained  the  re-organization  of  the  route  structure  and  TMA,  still  using  the 
existing  equipment, 

- phase  2 (ontained  the  introduction  of  radar  data  processing  for  approach  control 
(harp  1),  while  keeping  OATCO  in  use  for  flight  data  processing, 

- finally  phase  i would  introduce  radar  data  processing  for  ACC  find  also  comprise  the 
replac  ment  of  CATCO ; this  would  be  realized  by  the  OARP  2 system. 

Tlie  above  phased  approach  avoids,  to  the  extant  possible,  that  fundamental  changes  in  the 
airspace  organization  (and  hence  the  sectorization  and  operation.al  working  method)  coincide 
with  the  introdv.cti.on  of  completely  new  equipment  with  the  objective  to  prevent  the  control 
staff  being  faced  with  a twofold  adaptation  process  at  one  and  the  same  moment.  An  exception 
to  this  will  be  the  introduction  of  an  upper  airspace  sector  at  Maastricht  as  part  of  phase  3« 

Phase  1 was,  via  a number  of  intermediate  steps,  completed  in  the  beginning  of  1974,  when 
the  so-called  "three  stack  system"  was  introduced. 

The  SARP  1 system  has  been  installed  and  is  expected  to  be  oper.ational  by  the  end  of  thts 

year. 

SARP  2 will  be  installed  in  the  new  wing  to  the  ATC  building  in  1976. 

Following  the  de-bugging  and  trial  period,  the  operationi.l  familiarization  will  talve  place  in 
1977  and  the  system  is  expected  to  be  operational  in  the  beginning  of  1978. 
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2.2.  SARP  1 


3AHP  1 iB  a radar  data  prooeseing  aystem  for  APP  Sohiphol . Radar  data  are  derived  from  a 
10  om  THA  radar  plus  SSHj  both  primary  and  secundary  radar  data  are  digitized  on-site  by  a du- 
plicated extractor  (both  the  radar  and  the  extractor  were  manufantured  by  CSF),  which  feeds  the 
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plot  data  into  the  (duplicated)  computer  system.  The  computer  is  linked  with  the  SATOO  system, 
from  wlich  flight  data  is  r. chived  a.o.  to  enable  callsign-SSR  code  correlation.  The  display 
suh-syst  r.  compriser  two-colour  PPI's  on  which,  by  interscan-techniques,  synthetic  data  is  added 
to  the  raw  video,  thus  producing  a labelled  display  on  which  raw  radar  data  and  synthetic  in- 
formation can  be  easily  distinguished  by  virtue  of  the  different  colours.  In  addition,  each  con- 
troller is  equipped  with  an  electronic  data  display  (EDD)  which  provides  him  with  additional 
flight  data,  basically  coming  from  the  SAT'IO  system  (arrival  times,  expected  approach  times, etc). 
The  EAR?  computer  and  display  systems  were  manufactured  by  Hollandse  Signaalapparaten  (SARP 
stands  for  -iipnaal  Automatic  Radar  data  Processing). 

AARP  1 was  designed  on  the  pattern  of  the  ARTS-III  system  of  the  TAA.  There  are,  however, 
some  marked  differences.  As  already  mentioned,  the  tracking  process  is  applied  to  both  primary 
and  secundary  plots.  Also,  an  automatic  calculation  of  expected  approach  times  (EAT,  the  time 
the  TMA  may  be  entered)  is  introduced  the  facilitate  the  coordination  between  ACC  and  APP  and 
to  avoid  TMA  congestion.  The  lattei-  facility  is  already  practiced  to-day  by  use  of  the  SATCO 
system;  the  calculations  will  continue  to  oe  carried  out  by  the  SATCO  computer  and  fed  to  SARP- 1 
b;.  direct  link. 

The  contents  of  the  labels  may  vary  according  to  the  wishes  of  the  controller.  The  maximum 
data  shown  is  callsign,  mode  C read-out,  current  cleared  PL,  calculated  ground  speed,  required 
ground  speed,  aircraft  type,  given  heading. 

Aircraft  identification  and  label  ini  t.,ation  is  carried  out  automatically  for  4-d.igit  SSfi 
codes.  In  oases  were  controller  identification  is  required,  his  input  is  facilitated  by  light- 
pen. 


SARP-2  ia  a combined  flight  data  and  radar  data  rrooeoaing  system,  serving  both  Amsterdam 
ACC  and  Sohiphol  TWR/aPP.  In  addition  SARP-2  will  be  linked  with  the  military  ATC  radar  data 
processing  system  PHAROS,  the  Sohiphol  airport  data  processing  system  and  will  have  input/out- 
put facilities  at  Rotterdam  ATC,  airlines,  etc.  Also,  the  system  will  be  linked  with  t' 3 APTN 
switching  cs'  tre. 

Two  radarstations,  both  equipped  with  duplicated  electronics,  duplicated  extractors  and 
a baok-up  SSR  antenne,  will  feed  primary  radar  and  SSR  plot  data  to  the  central  computer  complex. 
One  of  these  is  the  same  radar  station  as  used  in  SARP-1  (at  ohiphol  airport),  the  other  is  tne 
23-om  radarstation  at  Herwljnen,  which  is  also  used  by  the  Maastricht  UAC  and  the  PHAROS  system. 

In  addition,  digitized  D/F  data  will  be  received  from  a four-station  fixer  network  to  facilitate 
plot  identinoation  in  case  of  non-automatic  identification. 

The  central  computer  complex  (CCC)  consists  of  two  radar  computers,  two  main  computers  (the 
same  as  in  SARP-1 ) and  three  magnetic  drum  memories. 

Cross-connections  give  maximum  safetyi  as  long  as  one  of  the  duplicated  elements  is  operati- 
ve, the  CCC  will  work. 

The  CCC  directly  feeds  the  EDO's  and  teletypewriters  used  in  the  system.  Each  EDD  has  its 
own  refresh-store. 

Plan  view  displays  (PVD),  showing  synthetic  data  only,  are  driven  by  display  computers 
(two  PVD' 8 on  one  display  computer),  which  are  linked  with  the  CCC.  In  addition,  the  display 
computers  are  directly  linked  with  the  radar  extractors,  to  ensure  that,  in  the  case  of  a total 
failure  of  the  CCC,  plot  data  is  still  received  (radar  by-pass).  Tlie  display  computers  are  orga- 
nized in  such  a way  that  closely  related  operational  positions  are  not  dependent  of  the  same  dis- 
play computer.  To  cater  for  emergency  re-configuration  spare  PVD' s,  connection  on-line,  are  provi- 
ded for  and,  in  addition,  display  computers  can  very  rapidly  be  re-allocated. 

The  radar  and  display  computers  are  mini-computers  (type  3KR-S)  developed  from  the  type  3KR 
main-computer.  The  usage  of  ooraputors  of  the  same  family  throughout  the  system  greatly  eases  in- 
terface- problems  and  is  benificial  for  the  software  development  and  maintenance. 

Sarp-2  is  designed  for  controllers  to  work  in  Jay  light  conditions;  the  FVD' s (50  cm  diame- 
ter) have  a repetition  rate  of  50  Hz.  and  an  extremely  high  definition.  The  controller  uses  a 
light-pen  not  exclusively  to  identify  the  aircraft  for  which  he  wants  to  make  a input,  but  also 
the  most-used  functions  are  displayed  on  the  PVD,  which  enables  the  controller  to  make  routine 
inputs  by  use  of  his  light-pen  only  (a  form  of  touch-display).  In  other  words,  although  he  may 
use  a keyboard,  he  normally  will  only  use  the  light-pen,  thus  avoiding  the  need  to  take  his  at- 
tention away  from  the  PVD. 

The  EDD' B have  been  designed  for  fast  and  easy  operation;  identification  keys  along  the 
side  and  input  keys  at  the  bottom  refer  to  data  on  the  EDD,  by  which  method  a programmed  "key- 
board" is  made  av'ilable. 

The  combination  of  PDV's  and  EDD' s 6ind  the  concept  of  plan  and  executive  controllers  wor- 
king side-by-side,  ia  aimed  at  abandoning  the  use  of  paper  strips. 

The  Amsterdam  ACC  will  ha/e  8 of  these  combined  working  position,  plus  three  spares.  In 
addition,  there  will  be  five  flight  data  positions,  equiped  with  SDD's  and  al pha-numorio  key- 
boards, plus  a flow  control  position  equipped  likewise,  A few  teletypewriters,  positioned  at 
strategic  positions  in  the  centre,  are  available  for  non-routine  inputs, 

Sohiphol  APP  will  have  four  combined  working  positions,  plus  one  spare.  Sohiphol  TWR  will 
have  four  EDD' s with  input  facilities. 

Data  Display 

SARP-2  will  integrate  all  ATC  functions  into  one  overall  automated  ATC  system,  aimed  at 
providing  Improved  working  conditions  (daylight)  and  further  easing  the  controllers  workload. 
Advantage  is  taken  of  modern  programme  techniques  to  roinimimze  the  flight  data  shown  to  each 
controller  without  witholding  any  data. 

For  the  presentation  of  stripinformation  on  EDD' s a number  of  rules  are  laid  down  in  order 

to  determine  precisely  when  and  what  type  of  information  has  to  be  presented  at  which  working 

positions.  Also  an  attempt  has  been  made  to  keen  the  stripinformation  for  each  ATC  function  as 
oompressed  as  possible.  This  could  bo  done  due  ;o  the  very  nature  of  the  ED.T  s on  which,  in  a 
simple  and  fast  way,  extra  information  of  any  f.' ight  can  be  shown. 

Unlike  some  other  ATC  systems,  the  position  of  all  aircraft  within  a controller  selected 
area  will  be  shown  on  the  PVD.  For  the  presentation  of  these  positions  a number  of  special  sym- 
bols will  be  used.  Some  of  these  symbols  belong  to  a special  category  so  called  "under  concrol 

symbols".  As  soon  as  an  aircraft  has  been  taken  under  control  by  an  airtraffio  controller  thb 
displayed  position  or  under  control  symbol  will  be  changed  to  the  under  control  symbol  that 
has  been  assigned  to  that  specific  control  function. 

Labels  of  flights  will  only  appear  automatically  on  the  PVD' s of  those  controllers  which 
belong  ta  a sc  called  under  control  sequence  for  those  flights.  Using  the  route  information 
from  the  TTightplan  of  a newly  entered  flight  in  the  system,  a sequence  will  be  made  up  of  all 
ATC  funotioiis  which  will  possibly  get  these  flights  under  control.  ATC  functions  which  do  not 
belong  to  the  under  control  sequence  can  only  be  provided  with  label  information  on  a manual 
input. 

If  it  has  not  been  possible  to  relate  radf,r  plot  information  with  flightplan  information, 
labels  of  these  flights  will  be  shown  at  predetermined  times  on  the  PVD' s of  controllers  which 
belong  to  the  under  control  sequence,  of  these  flights.  These  labels  will  be  positioned  in  a 
minitable  which  has  a fixed  position  on  the  screen. 


Terminal  Radar 
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Raoh  category  la  related  to  an  under  control  aequence.  As  an  example  the  under  control  aequence 
for  a flight  entering  the  control-area  at  a boundary  entry  point  and  going  to  the  main  landing  run- 
way of  Sohiphol  isi 

- en  route  control  by  an  Entry  Sector  controller. 

- Stuck  control  by  a Stack  controller. 

- Terminal  area  control  by  a Feeder  smd  Director. 

- Tower  control  by  an  Inbound  controller  and  Qround  controller. 

Prom  the  route  information  will  be  determined  which  one  out  of  five  Entry  Sector  controllers 
and  which  one  out  of  three  Stack  oontrollera  will  be  concerned  with  this  flight.  These  controller 
functions  will  be  added  to  the  under  control  sequence  of  the  flight. 

Once  the  under  control  sequence  has  been  made  up  it  can  be  used  as  an  entry  to  the  so  called 

time/aotion  diagram  of  that  flight  category.  In  this  diagram  have  been  laid  down  the  moments  on  which 

information  has  to  be  distributed  to  all  the  controllers  which  are  mentioned  in  the  under  control 
sequence.  These  moments  can  be  determined  by  certain  times  (e.g.  a given  number  of  minutes  before 
ETA  boundary  RP)  or  by  a for  this  flight  significant  action  which  has  to  be  taken  (e.g.  after  a SLOT 

input  has  been  made  to  plan  the  fllgt  in  the  landlngsequenoe  for  the  main  landingrunway). 

Because  for  all  flight  the  under  control  sequences  amd  the  tlme/action  diagrams  are  known  it 
is  possible  to  state  a few  general  rules  for  display  and  erasure  of  fllghtinformation. 

As  far  as  the  EDO's  are  concerned  fllghtatrips  will  be  displayed  at  the  moments  mentioned  in 
the  time/action  diagrams.  Erasure  of  strips  on  a given  BDD  will  be  initiated  by  an  under  control 
input  of  a subsequent  controller  in  the  under  control  sequence.  We  have  intentionally  used  the  term 
subsequent  controller  Instead  of  next  controller  in  the  under  control  sequence.  This  allows  the 
flexibility  to  neglect  cne  or  more  oontrollera  in  the  under  control  sequence.  The  uaefullness  of 
this  feature  can  be  shown  in  the  before  mentioned  example  of  the  control  of  an  Inbound  Sohiphol 
flight.  The  task  of  the  Feeder  in  the  TMA  control  will  be  the  guidance  of  flights  from  one  of  the 
three  holding  positions  to  a vector  area  which  belongs  to  the  landing  runway  in  use.  In  certain 
combinations  of  holding  positions  involved  and  runway  in  use  the  distance  from  the  holding  posi- 
tion to  the  vector  area  could  be  so  short  that  the  flight  will  be  banded  over  to  the  Director  wit- 
hout involving  the  Feeder.  Taking  the  flight  under  control  by  the  Director  implies  that  the  strip- 
information  on  the  Stack  controllers  EDD  and  the  Feeders  BDD  will  be  removed  at  the  same  time. 

The  general  rules  for  display  emd  erasure  of  label  information  on  FVD' s are  even  more  simple 
than  the  EDD  rules.  Only  those  PVD  controllers  who  belong  to  the  under  control  sequence  of  a given 
flight  will  be  provided  with  label  information  during  the  time  that  the  position  symbol  f that 
flight  will  be  displayed  on  their  PVD.  Only  in  those  cases  that  no  relation  between  the  aircraft 
position  and  the  fllghtplan  can  be  made,  the  controllers  will  get  the  label  information  in  a mini- 
table at  the  predetermined  times  mentioned  in  the  time/aotion  diagram.  In  the  latter  case  the  la- 
bel information  has  to  be  removed  from  the  screen  by  manual  input. 

These  rather  simple  rules  together  with  the  time/action  diagrams  prevent  controllers  from  being 
overloaded  with  irrelevant  information. 

Confliot  search 

SAEP- 2 contains  two  conflict  search  programmes,  one  for  boundary  positions  and  one  for  aircraft 
transiting  via  de  positions  where  the  five  ACC  sectors  join.  Thus,  the  oonflect  search  programmes 
assist  in  the  inter-centre  and  inter-sector  coordination. 

The  separation  minima  applied  in  the  latter  case  are  five  DM  and  1000  feet. 

However,  track  deviations  of  5 NK  are  accounted  forj  consequently  routes  which  are  separated 
less  than  15  IfM  may  cause  conflicts.  The  crossing  point  of  two  routes,  or  the  point  at  which  two 
routes  are  separated  less  than  15  DM  is  called  a junction.  At  each  junction  of  two  routes,  two  con- 
flict-blocks are  defined  with  a width  of  10  DM  (5  DM  on  each  side  of  the  nominal  route),  the  length 
depending  on  the  angle  between  the  tracks  of  the  routes.  A conflict  exists  when  and  as  long  as  two 
or  more  aircraft,  which  are  not  separated  vertically,  are  calculated  to  be  present  at  the  same  time 
in  the  conflict  blocks  around  a junction.  Although  the  system  does  not  contain  a confliot  resolution 
programme,  it  provides  a number  of  facilities  to  assist  the  controller  in  finding  a conflict-free 
path.  For  the  plan  controller,  the  aircraft  involved  in  the  confliot  are  shown  on  the  EDD  and,  upon 
request,  the  programma  will  indicate  conflict-free  levels  available  within  3000  feet  from  the  origi- 
nal level.  The  executive  controller  is  provided  with  a means  - by  a simple  light-pen  input  - to  con- 
fine the  display  of  labels  to  those  aircraft  involved  in  the  conflict. 

The  conflict  search  programme  at  boundary  positions  applies  time  and  height  separation  criteria 
with  distance  separation  for  same  direction  traffic.  This  confliot  search  programne  is  only  for  use 
by  the  plan  controller)  the  assistance  for  conflict  resolution  is  confined  to  the  display  of  ths  con- 
flicting aircraft  and,  of  course,  newly  inserted  re-olearanoes  are  subject  to  the  confliot  search 
programme . 

The  boundary  conflict  search  programme  may  also  be  used  for  the  allooation  of  RETD' s (revised 
estimated  time  of  departure)  by  the  start-up  controller  of  Sohiphol  TWR.  In  the  case  of  fixed  FL' s 
at  the  boundary  for  upper  airspace  routes,  the  computer  will  automatically  search  for  conflict-free 
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boundary  "slots"  and|  from  these,  calculate  RKTD'e,  which  are  displayed  on  the  start-up  controller's 
EDD.  He  will  then  choose  the  REID  which  fits  best  in  the  ground  traffic-pattern  and  input  the  one 
allocated.  Then,  the  relevant  sector  display  will  bo  updated  accordingly.  This  is  just  another  exam- 
ple of  using  the  programme  to  mriiimize  the  need  for  verbal  coordination. 
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Implementation 

Together  with  3ARP  2 most  associated  systems  and  equipment  will  be  renewed,  such  as  the  CCTV 
(with  digital  data  di  splay  of  certain  KET  data,  such  as  flVR,  received  automatically)  and  the  inter- 
nal/eiternal  operational  telephone  system  witli  facilities  such  as  direct  access  break-in,  conference 
switching,  inter-contre-diall ing  etc.  Much  attention  is  also  paid  to  console  design,  lighting  and 
central  monitoring  of  the  technical  systems. 

The  change-over  process  will  be  lengthy.  Firstly,  it  is  complicated  by  the  use  of  parts  of  GARP-1 
(in  fact  all  3ARP-1  equipment  exept  for  the  display  sub-system)  in  SARP-2.  This  requires  a phased 
built-up,  as  SARP-1  will  continue  to  be  in  operational  use  during  the  change-over  process.  Secondly, 
the  operational  trials  and  familiarization  of  control  staff  require  an  elaborate  programme;  it  is  in- 
tended to  link  EARP-2  with  the  radar  simulatcT,  which  will  make  it  possible  to  carry-out  complete  tri- 
al an  training  exercises  with  Simula, ei  traffic. 

Irf  addition  to  the  operational  syst.  n,  an  off-line  test  and  progromming  system  will  be  available, 
containing  one  main  and  one  mini-comiutor,  ilus  s.-parate  EDD  and  PVD  displays  and,  of  course,  standard 
perii'herals  required  for  programming  services. 
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3.  ronTHER  DEVKLOPHKST  AND  COMCLUoIOM 

Work  is  already  in  hand  for  a number  of  further  developmentst  One  of  these  is  CAAS,  computer 
assisted  approach  sequencing.  Another  is  the  adaptation  of  the  present  ATC  radar  simulator  to  the 
SARP-2  system  to  provide  for  adequate  training  facilities  and  minimize  the  need  for  on-the-job  trai- 
ning. SARP-2  will  also  be  made  responsive  to  the  ICAO  specifications  for  ground-ground  automated 
data  interchange. 

SAHP-2  is  the  result  of  close  collaboration  between  the  Department  of  Civil  Aviation  (Direc- 
torate for  ATo  and  Telecommunication),  the  Netherlands  National  Aerospace  Laboratory  and  the  Indu- 
stry. It  will  provide  a flexible  and  modern  basis  for  air  traffic  control  into  the  eighties  and, 
we  hope,  prove  to  be  a worthy  successor  to  its  poineer  predecessor  3ATC0. 
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SUMMARY 

The  purpose  of  this  paper  is  to  provide  a brief  overview  of  the 
technical  features  of  the  systems  used  in  U.S.  air  traffic  control  centers. 
Emphasis  is  placed  on  the  recently  modernized  en  route  and  terminal 
control  systems. 


INTRODUCTION 

The  U.S.  air  traffic  contiol  system  is  operated  by  the  Federal  Aviation  Administration  (FAA)  of  the  Department  of  Transporta- 
tion. Within  the  domestic  United  States,  control  is  exercised  from  twenty-one  FAA  en  route  control  centers  and  about  370  FAA  control 
towers.  A network  of  approximately  90  long-range  primary  and  secondary  surveillance  radars  provide  data  to  the  twenty-one  en  route 
centers,  and  about  140  of  the  towers  have  radar  approach  control  facilities  associated  with  them.  The  airways  serviced  by  the  domestic 
en  route  system  encompass  almost  200,000  miles  of  high-allitude  routes  and  about  1 78.000  miles  of  low  altitude  routes. 

Flight  plan  information  flows  on-line  into  the  en  route  system  from  315  Flight  Stations  serving  general  aviation  aircraft,  and  on- 
line from  military  base  operations  offices.  Pre-stored  magnetic  disc  files  provide  the  flight  plans  for  scheduled  commercial  flights.  This 
flight  plan  data  is  then  automatically  distributed  to  the  responsible  sectors  within  the  concerned  en  route  centers  and  to  the  concerned 
terminals. 

All  domestic  U S.  en  route  centers*  and  sixty-one  busy  terminal  radar  approach  control  facilities  are  now  equipped  with  modern 
electronic  data  processing  and  display  equipment.  The  equipment  and  associated  software  provide  controllers  with  an  accurate  repre- 
sentation of  the  current  air  traffic  situation.  Terminal  and  en  route  systems  arc  netted  together  so  that  flight  plan  information  is  auto- 
matically transmitted  by  digital  transmission  between  terminal  and  en  route  centers,  between  terminals,  and  between  en  route  centers. 
Similarly,  radar  beacon  track  handover  between  facilities  is  automatically  accomplished  via  computer-to-eomputer  digital  communica- 
tions Additionally,  a central  flow  control  facility,  which  also  has  data  processing  support,  is  automatically  fed  flight  planning  informa- 
tion from  the  en  route  centers  so  that  national  How  patterns  may  be  adjusted  as  needed. 


ARTS  ( Automated  Radar  Terminal  Equipment) 

The  sixty-one  busy  terminals  are  equipped  with  a configuration  of  data  nroces  ng  and  display  hardware  and  software  called 
ARTS  for  Automated  Radar  Terminal  System  ARTS’  basic  function  is  to  superimpose,  on  the  controller’s  radar  display,  alphanumeric 
data  blocks  containing  aircraft  identity,  altitude,  and  ground  speed.  ARTS  is  used  principally  by  the  Approach/Departiire  function  in 
the  terminal  control  facility.  A special  daylight  viewing  version  of  the  ARTS  display  is  also  used  in  the  control  tower  cab. 

Figure  I shows  an  ARTS  display.  Both  search  radar  and  ATC'  radar  beacon  data  are  displayed  on  the  Plan  Position  Indicator 
(PPl)  in  the  normal  manner.  Alphanumeric  data  arc  superimposed  on  the  PPI  by  positioning  the  beam  to  write  alphanumerics  during  the 
dead  time  of  each  radar  sweep  (i.e.,  after  the  time  required  to  display  the  maximum  range  of  the  radar). 

A block  diagram  of  the  ARTS  system  is  shown  in  Figure  2. 

Beacon  video,  containing  a digitally  encoded  identify  and  altitude  message,  and  antenna  azimuth  are  quantized  by  the  "Data 
Acquisition  Subsystem."  The  “Data  Processing  Subsystem"  then  determines  the  center  azimuth  of  each  beacon  target  reply  train  and 
performs  an  automatic  tracking  function.  The  automatic  tracking  associates  aircraft  flight  number  with  particular  beacon  replies  and 
positions  an  alphanumeric  da'a  block  alongside  its  corresponding  beacon  video  target  reports.  The  tracking  process  also  computes 
ground  speed  for  each  track  to  permit  monitoring  by  controllers  of  speed  control  instructions  or  regulations. 

Figure  3 shows  the  configuration  of  equipment  used  at  (’hicago’s  O'Hare  Terminal.  At  this  location,  two  radar/bcacon  systems 
feed  the  ARTS.  In  most  locations,  only  one  radar/beacon  system  is  used,  and  only  one  input/output  processor  (computer)  is  required. 
Similarly,  most  sites  use  a lesser  amount  of  memory  (24,000  words)  than  the  40.000  words  supplied  to  (’hicago.  Processor  speed  is 
approximately  210,000  instructions  per  second,  and  basic  memory  speed  is  750  nanoseconds. 

The  UNIVAC  Division  of  the  Sperry-Rand  Corporation  is  the  prime  contractor  for  ARTS,  supplying  the  computers  and  computer 
programs;  the  Burroughs  Corporation  provides  the  "Data  Acquisition"  subsystem,  and  Texas  Instruments,  Inc.  provides  the  “Data  Entry 
and  Display”  subsystem. 


*ln  1975,  twenty  en  route  centers  will  be  operational  with  both  flight  plan  processing  ind  radar  data  processing. 

As  of  the  end  of  1974,  sixteen  centers  will  be  completely  operational  with  radar  and  flight  data  processing.  Four  arc  operational  with 
flight  data  processing  only.  One  center  with  radar  processing  only  will  be  phased  out. 
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ARTS  has  been  designed  as  a modular  system  to  provide  for  future  additions  of  such  system  features  as: 

• Modular  redundancy -the  ability  to  sense  failures  and  automatically  replace  failed  units  with  spare  units 


• Radar  Tracking  the  ability  to  perform  automatic  tracking  of  search  radar  data  to  enhance  beacon  data  in  fades,  and  to 
track  non-transponder-equipped  aircraft 

• Metering  and  Spacing  the  provision  of  control  instructions  to  the  controller  to  permit  him  to  sequence  approaching  aircraft 
to  obtain  more  optimum  utilization  of  a runway. 

ARTS  computers  are  interconnected  with  the  en  route  systems  computers  so  that  fliglit  information  on  arriving  aircraft  (e.g. 
time  estimate  at  arrival  fix)  is  automatically  transmitted  from  the  en  route  center  to  ARTS.  Similarly,  automatic  target  acquisition  in 
the  terminal  is  accomplished  by  transmission  of  track  position  and  velocity  when  handover  is  to  take  place.  Additionally,  the  en  route 
center  provides  ARTS  with  a list  of  scheduled  departures  so  that  ARTS  may  automatically  acquire  departing  aircraft.  Upon  acquisition 
of  a departure  target  by  ARTS,  a departure  message  is  automatically  generated  to  activate  the  flight  plan  in  the  responsible  en  route 
center  with  the  actual  time  of  departure  Track  handover  is  also  accomplished  by  a transmission  of  position  and  velocity  when  control 
is  transferred  from  the  terminal  to  the  en  route  center. 

NAS  EN  ROUTE 

The  FAA  has  provided  data  processing  and  display  equipment,  and  computer  programs,  in  twenty  domestic  en  route  centers. 

This  system  is  called  "NAS  l■■n  Route  Stage  A or  more  familiarly  NAS  (for  National  Airspace  System).  A block  diagram  of  the 
system  is  shown  in  Figure  4. 

Radar  Processing  and  Display 

As  in  the  terminal,  the  principal  control  tool  in  en  route  centers  is  search  radar  and  ATC  radar/bcacon.  To  provide  the  needed 
radar  and  beacon  coverage  over  the  large  area  covered  by  an  en  route  center,  some  centers  are  scheduled  to  be  serviced  by  as  many  as  ten 
radars  and  radar/beacons.  Thus,  a major  functions  in  the  semi-automation  of  the  en  route  system,  or  NAS,  is  the  processing  and  display 
of  search  radar  and  radar/beacon  data  and  the  correlation  of  these  data  with  aircraft  identity.  This  is  used  to  form  a pictorial  display  of 
the  air  situation  in  each  sector*  of  the  en  route  center. 

The  pictorial  display  shows  a digitally  generated  picture  of  search  and  beacon  radar  data;  the  identification  of  aircraft  as  well  as 
their  reported  and  a.ssigned  fliglit-levels.  certain  attention-getting  information  such  as  that  identifying  a newly  handed-over  track:  map 
information  for  geographic  reference;  and  certain  tabular  information  such  as  lists  of  departing  aircraft  and  their  assigned  atlitude  on 
lists  of  aircraft  holding  at  fixes  and  their  altitudes. 

Typical  NAS  sector  equipment  is  shown  in  Fig.  5. 

Flight  Plan  Processing 

Flight  plan  processing  is  a major  function  performed  in  the  NAS  en  route  system  (but  not  in  the  ARTS  system),  and  it  requires  a 
considerable  amount  of  the  system's  capacity.  Each  pilot  who  intends  to  fly  under  instrument  flight  rules  (IFR)  must  file  a flight  plan 
containing,  among  other  items,  the  aircraft  identity,  type,  speed,  cruising  altitude  desired,  departure  time,  and  route  of  flight.  This  in- 
formation is  entered  into  the  NAS  en  route  system  cither  from  previously  stored  magnetic  discs  for  most  airline  flights,  or  on-line  from 
flight  service  stations  or  military  operations  offices  for  general  aviation  and  military  IFR  flights. 

The  flight  plan  becomes  active  on  receipt  of  a departure  time  from  the  terminal.  This  is  automatic  in  the  case  of  an  ARTS  termi- 
nal. ’f  a flight  is  to  traverse  more  than  one  center's  area,  the  flight  plan  is  automatically  transmitted  to  the  next  center  twenty  to  thirty 
minutes  prior  to  its  scheduled  time  of  transfer  to  the  next  center. 

The  NAS  computer  program  is  designed  to  take  the  route  of  fbglit  information  from  each  flight  plan  and  print,  at  each  sector 
through  which  the  flight  will  pass,  at  least  one  “flight  progress  strip."  Based  on  the  route  information  in  the  flight  plan,  as  well  as  the 
departure  time  and  speed  data,  a time  estimate  over  key  traffic  con'rol  points  in  each  sector  is  computed  and  printed  on  the  “fliglit 
progress  strip."  The  route  of  flight  is  also  printed  on  the  strip.  Thus  the  "fliglit  progress  strip"  may  be  used  by  the  controller  as  a 
planning  aid,  since  it  indicates  the  future  intention  of  each  aircraft  which  will  traverse  his  sector.  The  flight  progress  strip  is  also  used  by 
the  controller  as  a handy  means  of  recording  changes  to  the  flight  route  or  altitude. 

Within  the  computer  program,  the  flight  plan  file  is  updated  automatically  by  the  automatic  tracking  programs  so  that  future 
time  estimates  of  position  can  be  calculated,  and  wind  or  speed  errors  corrected. 

After  a strip  has  been  printed  at  a sector.  Controller  Updating  Equipment  (CUE),  which  consists  of  a display  and  entry  keyboard, 
is  used  to  pass  new  information,  such  as  updated  time  estimates,  from  control  sector  to  control  sector.  The  CUE  can  also  be  used  for 
entry  of  data  such  as  route  revisions  and  altitude  reports. 

NAS  Computer  Program  ^ 

The  operational  program  provides  the  set  of  computer  instructions  required  to  satisfy  the  air  traffic  control  functions.  Figure  6 
is  a simplified  flow  diagram  of  the  system  monitoring  and  control  function  which  shows  how  the  various  elements  of  the  computer  pro- 
gram are  related.  This  function  deals  with  system  control,  system  performance  monitoring,  and  control  of  the  real  time  subprograms. 

* A control  sector  is  a subdivision  of  airspace  in  an  en  route  center.  In  future  busy  centers,  there  may  be  as  many  as  80  such  sectors. 

2 

The  material  on  the  NAS  Computer  Program  was  extracted  from  "Use  of  Computers  in  Air  Traffic  Control."  Federal  Aviation  Admin- 
istration, June,  1979, 
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As  seen  fiom  the  ngure,  lliis  control  function  is  composed  of  six  major  subprograms.  During  normal  system  operation,  only  three  of 
these  control  subprograms  are  active,  namely,  the  master  operational  control,  confidence  checking,  and  recovery  data  recording.  The 
remainder  are  called  in  only  when  failures  are  delected  or  errors  occur  during  the  system  operation. 

Tluv.iiaster  operational  control  subprogram  provides  for  the  scheduling  of  the  ATf'  functions  and  for  the  servicing  of  input/ 
output  data  and  initiates  the  required  action  in  response  to  internipis  that  are  received.  It  also  provides  a capability  of  timing  analysis 
whuh  calculates  lime  information  relative  to  system  performance.  I•urlher.  this  control  subfirogram  provides  the  recording  control  for 
(he  legal  and  analysis  data  recording  function. 

The  programming  approach  permits  the  operation  of  two  or  more  compute  modules  working  simultaneously  on  the  task  assign- 
ments ( this  operation  we  term  multiprocessing).  The  scheduler  assigns  a set  of  tasks  for  one  compute  module  and  another  set  of  tasks 
for  the  other  compute  module(s).  These  tasks  are  classified  as  either  routine,  which  requires  that  they  be  operated  on  periodically ; or 
high-pnority,  which  requires  the  computer  subsystem  to  operate  on  them  within  a specified  minimum  lime  following  the  request.  It  is 
the  responsibility  of  the  scheduler  to  insure  that  the  routine  tasks  are  sequenced  in  the  correct  order  and  that  the  high-priority  tasks  are 
completed  within  the  required  minimum  lime  response. 

1 he  .onridence  checking  subprogram  dynamically  monitors  the  quality  of  the  data  inputs  and  maintains  a current  record  on  the 
availability  and  quality  of  the  connected  equipments  and  data  paths  to  the  CCC. 

The  error  analysis  subprogram  analy/es  errors  that  are  detected,  determines  their  significance  to  the  total  operation,  maintains  a 
summary  of  the  errors,  and  decides  on  the  appropnale  course  of  action.  If  an  error  has  been  classified  as  equipment  failure,  the  faulty 
unit  will  be  isolated  from  the  rest  of  the  system  and  control  Is  passed  over  to  the  reconfiguration  subprogiam. 

The  reconfiguration  subprogram  accepts  requests  for  reconfiguration  from  the  error  analysis  subprogram  or  from  a manual  re- 
quest. When  the  request  is  made  as  a result  of  a failure  condition,  the  reconfiguration  subprogram  replaces  the  failed  module  with  a 
redundant  module  of  the  same  type  and  control  is  then  passed  over  to  the  startover  subprogram. 

The  startup  startover  subprogram  is  entered  during  the  initial  system  initiation  and  during  a system  restart  due  to  a transient 
error  or  a reconfiguration.  Its  primary  function  is  to  establish  initial  conditions  for  the  central  computer  complex  and.  Uuring  a system 
restart,  to  expand  portions  of  the  recovery  data  into  a complete  data  base.  Control  is  passed  from  this  point  back  to  the  master  opera- 
tional control 

The  recovery  data  recording  subprogram  provides  for  the  recording  of  essential  ,>  >rtions  of  the  total  data  base  used  by  the  opera- 
tional program  to  pertnit  automatic  recovery  of  the  system  operation  following  a failure.  Types  of  information  involved  in  recovery 
data  would  be  such  items  as  flight  plan  data,  sector  control  responsibility,  track  positions,  and  sector'display  console  pairing. 

ATC  l unclions:  The  ATC  functions  I to  4 shown  in  the  diagram  provide  for  the  acceptance,  storage,  and  processing  of  all  High! 
data  information  and  the  automatic  transfer  of  information  between  facilities.  1-unctions  5.  9.  and  1 0 generate  computer  responses  to 
controller-generated  requests  and  process  information  required  for  display,  supervisory,  and  other  positions.  Functions  6 to  8 accommo- 
date the  processing  of  pnmao  radar  or  beacon  radar  data  and  the  automatic  tracking  of  aircraft  to  maintain  llight  identification  with 
the  appropriate  radar  returns. 

The  adaptation  function  provides  the  required  parameters  for  all  of  the  above  functions  and  is  the  means  by  which  one  common 
program  can  be  used  at  different  geographical  locations 

Fach  of  the  ATC  functional  tasks  is  comprised  of  many  individual  subprograms.  The  modular  programming  technique,  em- 
ployed in  the  subprogram  design,  enables  the  agency  to  upgrade  any  of  the  operational  functions  by  replacement  with  more  advanced 
algorithms  at  a later  date  and  with  a minimum  of  effort  This  modular  programming  design  has  also  been  extended  to  the  data  tables 
which  have  been  cenlrah/ed  into  a common  pool  of  information  iiidepeudent  of  the  main  body  of  program  instructions. 

NAS  Equipment* 

Ttie  NAS  Fn  Route  system  which  has  been  implemented  provides  both  flight  data  processing  IFDP)  and  radar  data  processing 
(RDP)  functions  The  system  consists  of  several  subsystems  of  equipment 

Radar  Data  Acquisition  and  Transfer 

Communications 

Central  Computer  Complex 

Computer  Software 

Data  F.ntry'  and  Display 

System  Maintenance  Monitoring 

The  Radar  Data  Acquisition  and  T ransfer  Subsystem  ( RDATS)  consists  of  primary  and  beacon  radars.  Common  Digitizers  (CDs) 
provided  by  the  Uurroiighs  Corporation,  Weather  and  Fixed  Map  Units  (WF'MUs)  provided  by  Tasker.  Inc.,  and  links  for  transmitting 
the  data  to  the  en  route  center  and  to  Air  Defense  Facilities  for  FAA  'USAF  joint-use  radar  sites. 

The  Central  Computer  Complex  (CCC)  consists  of  general  purpose  data  processing  equipment  supplied  by  the  IBM  Corporation. 
One  model  of  the  CCC,  the  9020A  equipment,  has  been  installed  at  1 1 en  route  centers,  and  another  model,  the  9020D.  is  installed  at 
the  9 largest  en  route  centers  Both  configurations  are  modular,  having  multiple  compute,  storage,  and  input/output  elements. 

The  operational  software,  also  provided  by  IBM,  resides  within  the  CCC.  The  CCC  receives  radar  data  (aircratt  targets  and 
weathi  r)  from  the  RDATS,  flight  plan  information  over  teletype  lines  from  Flight  Service  Stations  and  Military  and  Airlines  operations; 
and  computer-to-computer  track  and  llight  plan  data  via  2400  bit  per  second  duplex  lines  from  adjacent  en  route  centers  and  from  Auto- 
mated Radar  Terminal  Systems  (ARTS)  The  processed  flight  and  radar  data  are  provided  to  the  Data  Entry  and  Display  Subsystem 
from  the  CCC  for  presentation  to  the  controllers. 

*Tlie  material  on  NAS  equipment  was  extracted  from  “F.n  Route  Automation"  E.  (i.  Culhane,  The  MITRE  Corp.,  Oct.  I9'’2. 
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The  Data  F.niry  and  Display  Subsystem  (DEDS)  consists  of  a display  channel,  flight  strip  printers,  input/output  typewriters,  and 
computer  update  equipment.  The  display  channel  includes  digital  data  processing  equipment  and  display  consoles.  The  devices  at  each 
radar  position  include  a 20-inch  diameter  plan  view  display  (PVD),  computer  readout  display  (CRD),  alphanumeric  keyboard,  trackball, 
and  keys  for  selecting  display  data  and  for  entering  data.  The  digital  computing  portions  of  two  different  display  channel  equipments 
are  provided  by  two  companies:  Raytheon  Company  and  the  IBM  Corporation.  The  Raytheon  system,  called  the  Computer  Display 
Channel  (CDC),  is  a general/special  purpose  mix  of  equipment  and  software.  The  IBM  system,  identified  as  the  Display  Channel  Complex 
(t)CC),  is  comprised  of  a 9020E  computer.  Both  systems  are  modular  (up  to  120  plan  view  displays)  and  have  automatic  reconfiguration 
capabilities.  The  display  generating  and  PVD  equipment  for  both  the  CDC  and  DCC  was  provided  by  the  Raytheon  Company  and  is 
identical  for  both  systems.  The  DCC  (IBM  9020E)  is  installed  at  the  S largest  centers,  and  the  Raytheon  CDC  is  installed  at  the  remain- 
ing 15  en  route  centers. 

The  display  channel  equipment  provides  radar  and  selected  flight  data  on  the  PVD  and  CRD.  Fur  each  tracked  aircraft,  identity 
and  other  pertinent  control  data  are  displayed  on  the  PVD.  P.adar  data  are  displayed,  with  data  from  up  to  five  previous  scans  auto- 
matically presented  at  a lower  brightness  than  that  of  the  current  radar  data.  Weather  contours,  showing  areas  of  heavy  and  severe 
weather,  and  map  data  are  also  displayed  on  the  PVP. 

The  D and  A sector  positions  are  provided  with  Raytheon  Computer  Update  Equipment  (CUE),  and  a flight  strip  printer  built 
by  IBM.  The  CUE  provides  a means  for  the  controller  to  interface  with  the  CCC  f t receiving,  entering,  and  updating  flight  plan  data.  It 
consists  of  a small  cathode  ray  tube,  data  entry  keys,  and  an  alphanumeric  keyboard.  The  flight  strip  printer  outputs  the  strip  data  gen- 
erated by  the  computer  program. 

The  System  M.'intenance  Monitoring  Console  (SMMC),  manufactured  by  Electronics  Laboratories,  Inc.,  provides  a continual 
display  of  status  infom  ation  to  the  Systems  Engineer  for  all  of  the  hardware  subsystems,  and  allows  the  Systems  Engineer  to  input 
hardware  configuration  changes. 

OTHER  U S.  EN  ROUTE  AND  TERMINAL  SYSTEMS 

The  FAA  is  currently  in  the  pro  ,ess  of  procuring  a low-cost  version  of  ARTS  called  ARTS  II.  This  system  will  be  deployed  at 
terminal  facilities  which  have  traffic  of  sufficient  volume  to  qualify  for  a radar  approach  control  facility,  but  arc  not  busy  enough  to 
warrant  the  original  ARTS  equipment.  Burroughs  Corporation  was  awarded  the  contract  for  this  equipment. 

The  Anchorage.  Alaska  en  route  center  has  very  recently  been  equipped  with  a hybrid  equipment  system  to  meet  its  moderate 
capacity  needs.  This  system  uses  a NAS  Common  Digitizer  to  "plot  extract"  long-range  radar  and  beacon  video,  and  to  transmit  the 
extracted  video  by  narrow-band  digital  techniques  to  the  center  The  radar  and  beacon  data  are  tracked  by  a UNIVAC  ARTS  computer, 
which  also  prepares  this  data  and  associated  alphanumerics  for  display  on  Raytheon  NAS  Plan  View  Displays. 

Another  unique  en  route  center  in  Great  Falls,  Montana  has  been  in  operation  since  1963.  It  operates  in  a joint  facility  with  the 
U.S.  air  defense  SAGE  system  and  makes  use  of  SAGE  data  processing  and  displays  for  ATC  purposes. 

THE  FUTURE 

The  systems  described  have  evolved  from  earlier  experimental,  field  trial,  and  operational  U.S.  ATC  data  processing  systems. 
Currently,  the  United  States  has  installed  the  largest  netted  ATC  data  processing  system  in  the  world.  This  system,  whose  backbone  is 
the  general  purpose  digital  computer,  provides  the  ba,se  from  which  more  advanced  generations  of  ATC  data  processing  can  evolve. 

For  example,  the  FAA  and  its  contractors  are  developing  computer  program  algorithms  for  eventual  inclusion  in  NAS  and  ARTS 
which  will: 

warn  controllers  of  potential  accidental  violation  of  radar  separation  standards  by  controlled  aircraft 
warn  controllers  of  potential  accidental  descent  below  safe  minima  by  landing  aircraft 
detect  potential  conflicts  between  planned  flight  routes 

provide  controllers  with  aircraft  sequencing  and  spacing  instructions  to  maximize  airport  approach  route  and  runway  utilization 

automatically  provide  routine  control  instructions  to  aircraft  via  digital  data  links 

automatically  provide  proximity  and  collision  w,iming  information  to  aircraft  via  digital  data  links 

The  current  NAS  and  ARTS  systems  are,  then,  only  the  beginning  of  a new  generation  of  automation  and  semi-automa.  ion  in 
ATC  leading  to  safer  and  more  efficient  air  traffic  control  operations. 
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FIGURE  4 

NAS  EN  ROUTE  SYSTEM 
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FIGURE  5 

NAS  SECTOR  EQUIFMENT 
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FIGURE  6 

SYSTEM  MONITORING  AND  CONTROL  FUNCTION 
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